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Spectrally Selective Designs for Optical and Thermal Management 
Jyotirmoy Mandal 
Spectrally selective designs (SSDs), which selectively reflect, transmit, absorb or radiate light 
depending on the wavelength, impact our lives in many ways. For instance, precisely designed 
metasurfaces on silicon offer unprecedented control of light in the visible and infrared 
wavelengths. A less sophisticated example, white paints, simultaneously reflect sunlight and 
radiate heat to passively cool buildings. SSDs like these are meaningful scientific pursuits as 
well as socially impactful in their applications. However, the latter is not always the case, as 
prioritization of novelty and performance in research have often led to SSDs whose 
sophistication  and cost restricts their use. Furthermore, given increasing concerns about cost, 
eco-friendliness and applicability in the developing world, designs that overcome such issues 
are becoming increasingly sought-after. 
The works presented here aim to address this gap between high performance and applicability 
by combining scientific principles with the use of common materials and simple techniques to 
create SSDs for optical and energy applications. The work is categorized under three chapters. 
The first of these involve solution-derived nanostructured metal surfaces as a plasmonic 
platform for solar, thermal and optical applications. The second is concerned with porous 
polymers for passive daytime radiative cooling. The third and last chapter involves porous 
polymer coatings for switchable optical and thermal management. Prior to these sections, a 
general introduction to the fundamentals related to the topics – e.g. solar and thermal radiation, 
plasmon resonances in nanoparticles and electromagnetic scattering of light – are presented. 
The works in the three aforementioned sections are briefly summarized below. 
For the work on plasmonic nanostructured metal surfaces, a galvanic-displacement-reaction-





nanoparticle-coated foils (PNFs). The technique involves simply dipping a metal (M1) foil onto 
an aqueous salt of a less reactive metal (M2), and allowing the spontaneously resulting 
chemical reaction to form plasmonic nano or microparticles of M2 to form on M1. By controlling 
reaction parameters such as time, temperature and salt concentration, the reflectance spectrum 
of the PNFs can be tuned across the solar to far infrared wavelengths (0.35 – 20 μm). 
Consequently, the technique can tune the PNFs solar absorptance (~0.35 to 0.98) and thermal 
emittance (~0.05 to ~0.95). This is promising for applications such as selective solar absorption, 
selective thermal infrared emission, super-broadband thermal absorbers and emitters, and 
radiative cooling. The potential for selective solar absorption is investigated in detail, with the 
technique tuned to yield copper nanoparticle-coated Zinc substrate with excellent, wide-angle 
solar absorptance (0.96 at 15°, to 0.97 at 35°, to 0.79 at 80°), and low hemispherical thermal 
emittance (< 0.10). Issues important for applications, such as mechanical and thermal stability 
of the PNFs, are also investigated. 
The work on porous polymers for radiative cooling investigates the effect of porosity on the 
optical properties of polymers. Typically, polymers are intrinsically non-absorptive in the solar 
(0.35-2.5 μm), and emissive in one or more bands within the thermal infrared (2.5-20 μm) 
wavelengths. When made porous, the voids within the polymer can lead to different optical 
behaviors depending on their size. For instance, air voids with sizes (~1 μm) similar to solar 
wavelengths scatter sunlight due to the refractive index contrast between the polymer and air, 
leading to a high solar reflectance. Nanoscale (~0.1 μm) air voids, which are much smaller than 
longer thermal wavelengths (> 2.5 μm), lower the effective refractive index of the polymer in 
those wavelengths and increase thermal emittance. Porous polymer coatings (PPCs) with such 
air voids and optical properties can be made by scalable, solution-based and paint-like 
processes such as phase inversion. For example, phase-inverted poly(vinylidene fluoride-co-





hemispherical long-wave infrared emittance ~ 0.97. This allows the P(VdF-HFP) PPCs to 
achieve a net heat loss and reach sub-ambient temperatures of 6˚C even at noon. This passive 
radiative cooling performance, which surpasses those of notable designs in the literature, is 
obtained with a paint like convenience – making it promising as a sustainable cooling solution 
for buildings. 
The work on switchable optical and thermal management is related to the work above, and 
shows that optical performance of PPCs can also be altered by replacing the air in the pores 
with commonly available liquids. For instance, wetting PPCs with a liquid having the same solar 
refractive index as the polymer reduces optical scattering and turns the PPCs from white to 
transparent. Thermally transparent PPCs, meanwhile, turn absorptive or emissive when wetted 
with infrared-absorptive liquids. Both of these transitions can be reversed by drying – yielding a 
scalable and low-cost optical switching paradigm for solar and thermal wavelengths. The 
switchable optical transmittance can be useful in a wide variety of applications, such as 
controlling daylight in buildings, tunable solar heating and radiative cooling, water responsive 
systems and thermal camouflage. 
The works presented above attempt to achieve a desirable balance between scientific novelty, 
performance, simplicity and cost, with the intention of bringing high-performing optical designs 
to low-resource settings in the developing world. While this dissertation is a small step towards 
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Chapter 1. Theory and Background 
1.1 Spectrally Selective Designs 
Spectrally selective designs (SSDs), which behave differently depending on the wavelength of 
light, are a ubiquitous feature in our lives. Any colored surface, which reflect some colors of light 
and absorb others, is essentially an SSD. A more subtle example is the atmosphere, whose air 
molecules selectively scatter shorter wavelengths to give the sky its characteristic blue color. 
Spectral selectivity also extends beyond visible light. For instance, paper reflects sunlight, but 
absorbs or emits thermal infrared (IR) radiation, while metals absorb sunlight to varying degrees 
while reflecting thermal radiation almost perfectly. Figure 1.1 shows a range of materials, which 
show different spectral selectivities across the visible to infrared wavelengths. As evident, a 
variety of spectral selectivities are possible, often with very simple materials. The behaviors of 
these materials arise both from their intrinsic optical properties, and their structure. For instance, 
the high IR reflectivity of copper is completely intrinsic. On the other hand, both glass and paper 
are quite non-absorptive when it comes to visible light, but glass, being compact, is transparent, 
while paper, due to its porosity, scatters light and appears white.  
The optical selectivity of SSDs can be used to control solar and thermal radiation. For instance, 
paper, which reflects sunlight but radiates heat, can be used to keep objects cool under 
sunlight. On the other hand, copper, which absorbs ultraviolet (UV) to yellow solar wavelengths 
quite well, but does not radiate heat due to its high IR reflectivity, can become hotter under 
sunlight than many black surfaces – making it useful for solar heating applications. However, 
commonplace SSDs such as these are not optically selective enough to yield efficient 
performances. Researchers have developed various SSDs across the UV-to-IR wavelengths 
(0.35-40 μm) over the years. While those designs perform well, they often rely on sophisticated 






Figure 1.1. (A) Photograph (covering 0.4-0.7 μm wavelengths) and (B) thermograph (covering 7-14 μm 
wavelengths) of some spectrally selective materials. The yellow color in the thermograph represents 
absorptive and dark blue represents emissive behavior. ‘A’ is paper, ‘B’ is copper, ‘C’ is glass, ‘D’ is a 
drop of aqueous copper sulfate, ‘E’ is copper nanoparticles on zinc foil, ‘F’ is stainless steel, ‘G’ is bare 
zinc foil and ‘H’ is ink on paper. As evident from the Figures, materials ‘A’-‘E’ are spectrally selective, in 
that they are absorptive, transmissive, or reflective at different wavelengths. F, G and H are not very 
selective, as they are primarily reflective or absorptive across the 0.4-14 μm wavelengths. 
This thesis focuses on high-performance SSDs for controlling solar and thermal radiation, with 
an emphasis on simplicity. Using common materials with suitable intrinsic optical properties, and 
structuring them using simple techniques, a range of optical selectivities across the ultraviolet to 
far-infrared wavelengths (𝜆~0.3-20 μm) are achieved in a scalable manner. Because of their 
optical performance, such SSDs are suitable for a range of applications. Of these, selective 
solar absorption, radiative cooling, and switchable optical transmission are investigated in detail, 
while others like super-broadband light absorption and electrochromic designs are briefly 






1.2 Properties of Spectrally Selective Designs: Reflectance, Absorptance, Emittance and 
Transmittance 
When electromagnetic radiation is incident on a material that is optically non-linear1 to it, it is 
either reflected, absorbed or transmitted. For a given wavelength (𝜆) and angle of incidence (𝜃) 
of light, the directional reflectance, absorptance and transmittance of such a material is defined 
as follows: 
Directional reflectance (𝑅(𝜆, 𝜃)): Ratio of the reflected intensity at wavelength 𝜆 to the incident 
power at wavelength 𝜆 and angle 𝜃. 
Directional absorptance (𝐴(𝜆, 𝜃)): Ratio of the absorbed power at wavelength 𝜆 to the incident 
power at wavelength 𝜆 and angle 𝜃. 
Directional transmittance (𝜏(𝜆, 𝜃)): Ratio of the transmitted power at wavelength 𝜆 to the incident 
power at wavelength 𝜆 and angle 𝜃. 
When a wavelength spectrum is considered, 𝑅(𝜆, 𝜃), 𝐴(𝜆, 𝜃) and 𝑇(𝜆, 𝜃) are also used to denote 
the spectral directional reflectance, absorptance and transmittance respectively as a function of 
the wavelength. Across the given spectrum, the integrated values are calculated as exemplified 








        (Eq. 1.1) 
where 𝜆1 and 𝜆2 are wavelengths bounding 𝐼𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚(𝜆), the spectral intensity under 
consideration. In this dissertation, the spectrum may be the solar spectrum (Chapter 1.3), the 
blackbody spectrum (Chapter 1.4), or a portion of either of those.  
It follows from the conservation of energy that: 






𝑅(𝜃) + 𝐴(𝜃) + 𝜏(𝜃) = 1.         (Eq. 1.3) 
It should be noted that in this dissertation, the terms ‘reflectance/transmittance/absorptance’ and 
‘directional reflectance/transmittance/absorptance’ are interchangeably used. Due to the 
idiosyncrasies of the optical setups used for the measurements, the reflectances and 
absorptances are measured at 30˚, while the transmittances are measured at normal incidence 
or 0˚ unless otherwise specified. 
Depending on its temperature, a material that is optically non-linear also radiates or emits heat 
at certain wavelength ranges. For an object at temperature 𝑇, the directional radiative emittance 
at wavelength 𝜆 and angle 𝜃 is defined as follows: 
Directional radiative emittance (𝜖(𝜆, 𝜃)): Ratio of the emitted power at wavelength 𝜆, angle 𝜃 and 
temperature 𝑇 to the emitted power from a perfect emitter (i.e. a blackbody) at wavelength 𝜆, 
angle 𝜃 and temperature 𝑇. 
The integrated directional emittance is calculated from the spectral emittance 𝜖(𝜆) using the 
following expression: 







       (Eq. 1.4) 
where 𝜆1 and 𝜆2 are the wavelengths bounding part of the blackbody spectrum 𝐼𝐵𝐵(𝑇, 𝜆, 𝜃), 
which is defined in Chapter 1.4.  The integrated hemispherical emittance over the 2π solid angle 
in view of an emitting surface is: 
𝜖(𝑇, 𝜆1, 𝜆2) =
1
𝜋






    (Eq. 1.5) 
The spectral hemispherical emittance 𝜖(𝑇, 𝜆) is likewise measured. In this dissertation, when 





are used for the integrated directional and hemispherical radiative emittances respectively, with 
temperature assumed depending on the context. It is also assumed that the spectral emittance 
𝜖(𝜆) is independent of the temperature of the emitter. 
According to Kirchhoff’s law, the emittance 𝜖(𝜆, 𝜃, 𝑇), of an object at thermal equilibrium equals 
its absorptance 𝐴(𝜆, 𝜃, 𝑇).2 It therefore follows that  
𝑅(𝜆, 𝜃) + 𝜖(𝜆, 𝜃) + 𝜏(𝜆, 𝜃) = 1        (Eq. 1.6) 
Likewise,  
𝑅(𝜃) + 𝜖(𝜃) + 𝜏(𝜃) = 1.         (Eq. 1.7) 
1.3 Solar Radiation 
Sunlight, which is a ubiquitous and abundant, can both be an energy source and a cause for 
energy expenditure. The works presented here all involve terrestrial solar management, making 
solar calculations a recurrent feature in this dissertation. Unless mentioned otherwise, the 
current standard for terrestrial solar radiation, the ASTM G173 Global Tilt solar intensity 
spectrum, is used for all calculations.3 Figure 1.2 shows the spectrum. The total intensity 
contained within the solar wavelengths (𝜆 ~0.35-2.5 μm) is 1000.4 W m-2, of which ~ 5.8% lies in 
the ultraviolet (UV, 𝜆 ~0.35-0.4 μm), 42.8% in the visible (Vis, 𝜆 ~0.4-0.7 μm) and 51.5% in the 
near-infrared to short-wavelength infrared (NIR-SWIR, 𝜆 ~0.7-2.5 μm) wavelengths. Around 
10% of the total radiation is diffuse light scattered by the sky, and rest is direct solar radiation 







Figure 1.2. The ASTM G173 Global Tilt solar intensity spectrum, which is widely used as the standard 
solar spectrum, including in this dissertation.  
Using the spectrum shown, the total solar reflectance or absorptance of a surface can be 
calculated as shown in Chapter 1.2.  The ASTM G173 Solar Intensity Spectrum is represented 
as 𝐼𝑠𝑜𝑙(𝜆), where 𝜆 is the wavelength of light. It should be noted that in real situations, the solar 
spectrum 𝐼𝑠𝑜𝑙(𝜆) varies with solar position in the sky, orientation of the surface and 
meteorological conditions.4,5 However, it is assumed that all the solar intensities 𝐼𝑠𝑜𝑙 measured 
or used here are scalar multiples of 𝐼𝑠𝑜𝑙(𝜆) integrated across wavelengths. Such values are 
often referred to as ‘n suns’, where ‘n’ is the scalar multiple. 
For the SSDs in this dissertation, all integrated reflectances, absorptances and transmittances 
of SSDs across part or the entirety of the solar wavelengths are calculated using 𝐼𝑠𝑜𝑙 in Eq. 1.1. 
Depending on the specific wavelength ranges described above, the integrated values are 





1.4 Thermal Radiation 
Thermal infrared radiation, or more simply, thermal radiation, is radiated by all objects around 
us. The exact thermal spectrum radiated by a surface depends on its temperature. For a perfect 
thermal emitter or absorber, i.e. a blackbody, the radiated thermal intensity spectrum 𝐼𝐵𝐵(𝑇, 𝜆) is 








        (Eq. 1.8) 
where h is Planck constant, c is the speed of light and kB is the Boltzmann constant. As plotted 
in Figure 1.3 the spectrum and its peak intensity shift towards shorter wavelengths as the 
temperature of the blackbody increases. This is a well-known phenomenon, observed in 
materials (e.g. iron) that progressively glow red, yellow and white when their temperature rises 
monotonically. The total radiated intensity from the blackbody, which can be obtained by 
integrating 𝐼𝐵𝐵(𝑇, 𝜆) across all wavelengths, is: 
𝐼𝐵𝐵(𝑇) = 𝜎𝑇
4          (Eq. 1.9) 
where σ is the Stefan-Boltzmann constant (5.670367 x 10-8 W m-2K-4). For non-ideal emitters, 
the total radiated intensity also depends on its spectral radiative emittance (𝜖(𝜆)), defined in 
Chapter 1.2, and is: 
𝐼𝑟𝑎𝑑(𝜖, 𝑇) = 𝜖𝜎𝑇
4 = ∫ 𝜖(𝜆) ⋅ 𝐼𝐵𝐵(𝑇, 𝜆) 𝑑𝜆
∞
0
       (Eq. 1.10) 
The directional power radiated by an emissive surface is a function of the emission angle. For a 
perfect emitter, it can be shown that its irradiance is the same for all viewing angles. From this, it 
follows that: 






Figure 1.3. Blackbody spectra, normalized to the respective peak intensities, for different temperatures 
from 0-400˚C.  
1.5 The Atmospheric Transparency Windows 
While radiation from the sun or terrestrial objects covers wavelengths of ~0.2 to 40 μm, not all of 
it travels freely through the atmosphere. Due to a combination of phenomena, such as optical 
scattering in the shorter wavelengths and absorption at specific wavelengths by air molecules, 
the atmosphere only transmits light in certain wavelength ranges. Such ranges are referred to 






Figure 1.4. The absorption or Rayleigh scattering by gases in the atmosphere restricts the transparency 
of the atmosphere to only certain wavelength ranges, or transmission windows. The Figure was adapted 
from the web.6 
A tangible example of an ATW is the solar window, through which sunlight reaches the Earth 
from space. Not all of it reaches the earth, however. The sunlight incident on the top of the 
atmosphere is ~ 1350 W m-2. However, part of it is backscattered into space by air molecules 
and aerosols, and part of it is absorbed by gas molecules (e.g. that of UV light by ozone and 
oxygen). Consequently, the peak solar irradiance on the earth is usually ~ 1000 W m-2 even 
during summer. Two other important ATWs are the mid-wavelength infrared (MWIR, 𝜆~ 3-5 μm) 
long-wavelength infrared (LWIR, 8-13 μm) ATWs. The first transmits a large fraction of the 
thermal radiation emanating from hot objects (T ~ 300-500˚C). The LWIR window is more 
frequently relevant, as it transmits thermal radiation emitted by typical terrestrial objects (T ~ -
25-100˚C). Because all these windows allow radiative energy transfer between earth (T ~ 290 





W m-2) and space (T ~ 3 K, irradiance ~ 0 W m-2), they are tremendously important for radiative 
cooling and solar heating applications. 
Besides transmitting, the atmosphere can also emit or absorb thermal radiation. Because 
radiated heat from an object on earth is either transmitted or absorbed by the massive 
atmosphere, it can simply be counted as heat lost into the sky. And apart from sunlight, which is 
considered separately, virtually no radiation comes in from outer space. Therefore, for 
calculations, it is only the spectral irradiance (𝐼𝑠𝑘𝑦(𝜆, 𝑇,𝑀), where 𝑀 represents all 
meteorological variables) from the atmosphere that needs to be considered. From a vantage 
point on Earth, the atmosphere usually behaves like a blackbody at the ambient air temperature 
at wavelengths outside ATWs,4,7 i.e. its spectral irradiance 𝐼𝑠𝑘𝑦(𝜆, 𝑇,𝑀) is close to that of a 
blackbody at the ambient temperature. In the ATWs, both the cold outer space (T ~ 3 K) and the 
entire thickness of the semitransparent atmosphere contribute, leading to lower 𝐼𝑠𝑘𝑦(𝜆, 𝑇,𝑀) 
values, or a ‘cold sky’. Within the ATWs, the 𝐼𝑠𝑘𝑦(𝜆, 𝑇,𝑀) depends on factors such as humidity, 
elevation, aerosol content and the angle of transmission. Higher humidities, lower elevations 
and higher viewing angle from the vertical all raise the atmospheric irradiance.4,7 For instance, 
the effect of humidity can be demonstrated using MODTRAN 6, a standard software for 
modeling the atmosphere. As shown in Figure 1.5, a low humidity (i.e. lower amounts of total 
precipitable water (TPW)) makes the atmosphere more transparent and less radiant in the LWIR 
ATW, allowing for less radiative gain from the atmosphere and more loss into space. In this 
work, the MODTRAN 6 web application is used for modelling atmospheric irradiance. 
Parameters used for the modelling include location, time and total precipitable water in the 
atmosphere (TPW) available in online weather databases.8 A clear, cloudless sky is assumed. 
The resulting spectral irradiance output by the model is scaled to correspond to the blackbody 





It should be noted that the atmospheric radiances calculated using the MODTRAN 6 web 
application are only reasonable approximations. For instance, they do not account for radiative 
transfers involving clouds, which become likelier with rising TPW.8 Furthermore, the calculation 
of 𝐼𝑠𝑘𝑦( λ) is based on a simplified model that does not account for variations in the distribution 
of water vapor through the height of the atmosphere (e.g. a low-lying warm fog would impede 
radiative heat loss much less if instead it was distributed as a cold cloud high above). Lastly, the 
models also rely on low-resolution meteorological data that might deviate from the exact 
weather in the test locations.8 For instance, a small error of 2 mm in TPW can change 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 
by 5 W m-2. Regardless, the MODTRAN 6 web application was the best model available to the 
author, and hence used. 
 
Figure 1.5. (A) Atmospheric spectral transmittance and (B) the sky’s spectral irradiance modelled using 
MODTRAN for different atmospheric humidity levels. As evident, when the amount of total precipitable 
water in the atmosphere increases, the transparency of the atmosphere decreases, leading to a higher 





Because of the importance of the MWIR and LWIR ATWs in radiative energy transfer, this 
dissertation considers MWIR and LWIR emittances (𝜖𝑀𝑊𝐼𝑅 and 𝜖𝐿𝑊𝐼𝑅) in relation to radiative 
cooling and switchable emittances. The values are calculated using Eq. 1.4 in Chapter 1.2. 
1.6 Applications of Spectrally Selective Designs 
1.6.1 Selective Solar Absorption 
Selective Solar Absorbers (SSAs) are surfaces which are highly absorptive in the solar 
wavelengths and highly reflective or non-emissive (SSAs are traditionally opaque, so 𝑇=0) in the 
thermal infrared wavelengths. Their high solar absorptance 𝐴𝑠𝑜𝑙(𝜃) allows for efficient 
absorption of sunlight, which is then converted to heat, while their low thermal emittance 𝜖 
means that the harvested heat is not radiated away and lost (Figure 1.6.A). The heat can then 
be used for applications such as heating water, desalination, and creating high-pressure steam 
for electricity generation. Because of the abundance of sunlight, and the widespread need for 
solar-heating, SSAs have seen increased uses in recent decades. 
Research on SSAs have yielded different designs for achieving selective solar absorption. 
Variants of such designs include intrinsic selective absorbers, semiconductor-metal tandems, 
metal-dielectric multilayer broadband absorbers, textured metals, ceramic-metal composites 
(cermet), and photonic crystals.9-13 While intrinsic absorbers rely on material properties such as 
inter-band transitions (as in W) and lowered plasma frequencies (as in MoO3 doped Mo) to 
achieve selective solar absorption,14 the other variants all rely on structure to enhance the 
intrinsically high 𝐴𝑠𝑜𝑙 and low 𝜖 of its material constituents. For instance, cermet SSAs have 
metal nanoparticles embedded in a dielectric – the broad plasmon resonances of the metal 
nanoparticles in the solar wavelengths lead to a high 𝐴𝑠𝑜𝑙, while the low emittances of the 
dielectric and an underlying metal result in a low 𝜖.12,14,15 Photonic crystals are more 





reflection and trap sunlight to enhance selective solar absorption. These designs are all known 
or predicted to have values of  𝛼 (≳ 0.8) and  𝜖 (≲ 0.2) required for practical use.16 However, 
with regard to cost, ease of fabrication and environmental footprint, there remains room for 
improvement. 
 
Figure 1.6. (A) Schematic of the operation of a SSA, and how its high 𝐴𝑠𝑜𝑙(𝜃) and low 𝜖 allows it to 
maximize radiative heat gain for uses like heating water. (B) The reflectance of an ideal SSA operating 
under an 𝐼𝑠𝑜𝑙~ 1 sun and at a temperature of 100˚C. Normalized ASTM G173 Solar Spectrum and 
Blackbody Spectrum at 100˚C are also shown. 
Depending on the type of application, SSAs operate at different temperatures. Applications such 
as residential heating and desalination typically involve low temperatures (< 200˚C). 
Applications such as solar-thermal electricity generation, meanwhile, involve high operating 
temperatures (200-1000˚C). Keeping in mind the prevalence of low temperature applications, 
this dissertation focuses on low temperature SSAs. 
The solar to thermal conversion efficiency of an SSA operating at temperature 𝑇 is defined in 








       (Eq. 1.12) 
where 𝐶 refers to the solar intensity concentration, expressed in multiples of 𝐼𝑠𝑜𝑙(0°), which itself 
is the integrated ASTM G173 Spectrum 𝐼𝑠𝑜𝑙 with a 11˚ normal incidence correction applied to the 
direct component. In this dissertation, a 𝐶 of 1 and 𝑇 of 100˚C corresponding to the boiling point 
of water is assumed, unless mentioned otherwise. For such a situation, the ideal SSA has a 
𝐴(𝜆, 𝜃) = 1 − 𝑅(𝜆, 𝜃) = 1 in the solar wavelengths and 𝜖(𝜆, 𝜃) = 1 − 𝑅(𝜆, 𝜃) = 0 in the infrared 
wavelengths where it radiates heat. The transition from perfectly absorptive to perfectly 
reflective or non-emissive occurs at the wavelength where the effective solar intensity 
(𝐶 × 𝐼𝑠𝑜𝑙(𝜆)) falls below 𝐼𝐵𝐵(𝑇, 𝜆). For a 𝐶 of 1 and 𝑇 of 100˚C, it is at 𝜆~2.5 μm, and yields a 
near-perfect 𝜂𝑠𝑜𝑙→𝑡ℎ ~ 1 (Figure 1.6.B). In real situations, however, the transition is gradual 
rather than sharp, and 𝜂𝑠𝑜𝑙→𝑡ℎ is lower. 
1.6.2 Passive Daytime Radiative Cooling 
Passive daytime radiative cooling (PDRC) is a phenomenon where a surface simultaneously 
reflects sunlight and radiates heat into outer space through the atmospheric transmission 
windows to achieve a net heat loss (Figure 1.7). Because outer space is much colder (~3 K) 
than the earth (~291 K), it happens spontaneously, and for sufficiently solar reflective and 
thermally emissive surfaces, can lead to sub-ambient cooling. Because of its passive nature and 
net cooling effect, it is a promising way to reduce the environmental, energy and monetary costs 







Figure 1.7. Schematic of passive daytime radiative cooling, showing how a high 𝑅𝑠𝑜𝑙 and high 𝜖𝐿𝑊𝐼𝑅 can 
lead to net radiative loss and cooling even under sunlight. 
The concept of PDRC can demonstrated using a simple scenario - for an opaque surface with 
temperature 𝑇, on earth with ambient temperature 𝑇′, and which only has the sky in its field of 
view, the radiative energy transfer from the surface to the sky, or the cooling power is given by: 




           (Eq. 1.13) 
where 𝛺 is the solid angle in the field of view. If the temperature of surface is close to the 
ambient temperature, 𝐼𝐵𝐵(𝑇, 𝜆, 𝛺)~𝐼𝑠𝑘𝑦(𝑇′, 𝜆, 𝛺) outside the LWIR ATW (𝜆 ~ 8-13 μm) and the 
radiative energy transfer is approximately: 
𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = −∫(1 −  𝑅𝑠𝑜𝑙(𝛺)) ⋅ 𝐼𝑠𝑜𝑙(𝛺) 𝑑Ω + ∫ ∫ 𝜖(𝜆, 𝛺) ⋅ (𝐼𝐵𝐵(𝑇, 𝜆, 𝛺) − 𝐼𝑠𝑘𝑦(𝑇









It follows that if 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅 are both high enough, then 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 is positive, i.e. the surface 
spontaneously loses heat, causing 𝑇 to drop below ambient levels. This happens until 𝑇 is low 
enough for the heat loss in the LWIR ATW to be balanced by convective and conductive heat 
gains from the immediate environment, and radiative heat gain (𝐼𝑠𝑘𝑦(𝑇
′, 𝜆, 𝛺) − 𝐼𝐵𝐵(𝑇, 𝜆, 𝛺)) from 
the atmosphere outside the ATW – i.e. the surface reaches a sub-ambient steady-state 
temperature. Typically, 𝐼𝑠𝑜𝑙 is < 1000 W m
-2 and 𝐼𝐵𝐵(𝑇) − 𝐼𝑠𝑘𝑦(𝑇′) ranges from 60-130 W m
-2, so 
a surface with 𝑅𝑠𝑜𝑙 > 0.95 and 𝜖𝐿𝑊𝐼𝑅> 0.8 can achieve cooling in most conditions. 
Figure 1.8.A-B shows the spectral reflectance 𝑅(𝜆) = 1 − 𝐴(𝜆) = 1 − 𝜖(𝜆) for two types of ‘ideal’ 
radiative coolers. While both have an 𝑅𝑠𝑜𝑙 of 1, which completely avoids any solar heating, one 
is selectively emissive in the LWIR ATW with 𝜖(8 𝜇𝑚 < 𝜆 < 13 𝜇𝑚) = 1 and 0 otherwise, while 
the other is a broadband thermal emitter with 𝜖(𝜆 > 2.5 𝜇𝑚) = 1. For the selective emitter, Eq. 
1.14 is exact rather than an approximation, and because 𝐼𝐵𝐵(𝑇) > 𝐼𝑠𝑘𝑦(𝑇′) in the LWIR ATW, it 
can theoretically achieve a very low sub-ambient temperature. The broadband thermal emitter 
cannot achieve such low temperatures as it starts to radiatively gain heat from the atmosphere 
in wavelengths outside the solar window as soon as it attains a sub-ambient temperature. 
However, it is useful in geographical (e.g. arid and temperate) locations that experience 







Figure 1.8. (A) The spectral reflectances 𝑅(𝜆) = 1 − 𝜖(𝜆) of the ‘ideal’ broadband emissive and 
selectively LWIR emissive passive daytime radiative coolers. (B) Spectral irradiances 𝐼𝑠𝑘𝑦(𝑇′) of 
blackbodies at ambient temperatures, and the sky in dry and humid weather as seen from the earth’s 
surface. In the first case, a broadband emissive PDRC design is desirable due to atmospheric 
transparency outside the LWIR window, while in the second, a selective emitter is better suited. 
While not often appreciated, PDRC is observed in varying degrees of efficiency in both natural 
and built environments. Snow, for example, is an excellent solar reflector and broadband 
thermal emitter. So are white concretes and paints, which can have an excellent 𝜖𝐿𝑊𝐼𝑅> 0.93 
and 𝑅𝑠𝑜𝑙~0.8. Metallized plastics, meanwhile can act as both broadband and selective thermal 
emitters, and reflect sunlight. Recent research on PDRC designs have rather heavily focused on 
photonic devices and silica-based polymer composites on silver mirrors. Such designs have 𝑅𝑠𝑜𝑙 
of up to 0.97 and 𝜖𝐿𝑊𝐼𝑅 ranging between 0.6 and 0.93. However, these designs are either not 
yet scalable enough for use in roofs where PDRC is needed the most, or in the case of 
composite ‘metamaterials’ (e.g. SiO2 microparticles in polymer), have already been explored 
and employed in paints despite recent claims about novelty. In fact, white ‘cool-roof’ paints 





benchmark for PDRC due to their low-cost and easy applicability. However, their less than ideal 
𝑅𝑠𝑜𝑙 means that they still absorb a significant amount of sunlight, and can achieve cooling only 
under moderate or low solar intensities. Therefore, the design of scalable but efficient PDRCs 
remain an active area of research. 
A last point is that passive daytime radiative cooling, in requiring a high 𝑅𝑠𝑜𝑙, imposes a strict 
additional requirement on the more generic problem of radiative cooling (RC). Consequently, 
PDRC designs can achieve cooling at night as well due to their high 𝜖𝐿𝑊𝐼𝑅 – so the term 
‘daytime’ is not restrictive. 
1.6.3 Optically Adaptive SSDs with Switchable Solar and Thermal Transmittance 
While SSDs such as selective solar absorbers and passive daytime radiative coolers are 
promising for heating and cooling applications respectively, they are also static, which reduces 
their applicability in radiatively dynamic environments. For instance, PDRC designs such as 
‘cool-roof’ paints for buildings are not desirable at high latitudes during winter months as drive 
up heating costs. Optically adaptive SSDs, which respond to radiative fluctuations of the 
environment, can be solutions in such situations. By changing properties such as 𝑅𝑠𝑜𝑙 and 𝜖, 
such dynamic SSDs can modulate solar and thermal radiation. This can be useful for switchable 
heating or cooling of buildings depending on the season, or for controlled daylighting of human 
environments.17-20 
Optically adaptive designs that control sunlight to regulate temperature and illumination have 
been widely explored, with designs ranging from smart windows to mechanical umbrellas 
reported till date. Of these, electrochromic smart windows, a class of SSDs characterized by a 
tunable 𝜏𝑠𝑜𝑙 or 𝐴𝑠𝑜𝑙 and static 𝜖, have seen increasing uses of late. Other optically adaptive 
SSDs such as thermochromic and liquid-crystal-based designs have also gained prominence. 





which can exhibit highly tunable 𝜏𝑠𝑜𝑙 and 𝜏𝑣𝑖𝑠 (by up to 0.68 and 0.74 respectively) attractive for 
practical applications (Figure 1.9.A). However, their reliance on exotic materials and complex 
architectures make them prohibitively expensive except for high-end use. Furthermore, issues 
such as non-neutral colors for the solar absorptive/transmissive states, high energy usage, 
instability in air etc. also restrict the usage of electro- and thermochromic designs. However, due 
to the maturity of the technology and a lack of more convenient alternatives, electrochromic and 
liquid-crystal-based optically adaptive designs remain some of the more feasible methods for 
dynamically controlling sunlight.  
Compared to designs in the solar wavelengths, optically adaptive SSDs in the thermal IR 
wavelengths have been studied less extensively, but their potential makes them attractive for 
exploration. Designs with tunable 𝜖, for instance, can control the rate of heat transfer to and 
from objects and enable thermoregulation. Tunable emittances in the MWIR and LWIR ATWs 
can also allow for tunable radiative cooling, or be used to control heat signatures from objects 
thermally camouflage them. The latter, in particular, is much sought in the defense sector. 
Relatively few designs having such functionalities have been reported – Figure 1.9.B-C shows 
thermographs of the Li4Ti5O12-based design that was demonstrated by the author to achieve 
tuneable emissivities Δ𝜖𝑀𝑊𝐼𝑅~ 0.68 and Δ𝜖𝐿𝑊𝐼𝑅~ 0.30 suitable for thermal camouflage. 
Electrochromic or thermochromic infrared designs, however, have the same limitations as those 






Figure 1.9. Example of an optically adaptive SSD. The figure was adapted from a publication by the 
author.21  (A) Nanostructured Li4Ti5O12 is an electrochromic material, which changes from white to black 
upon lithium ion intercalation. Consequently, its visible and solar absorptance can be electrochemically 
tuned by 0.74 and 0.68 respectively. (B) Li4Ti5O12 also exhibits tuneable emittance 𝜖𝑀𝑊𝐼𝑅 and 𝜖𝐿𝑊𝐼𝑅, 
leading to different apparent temperatures as seen at real temperatures of 33˚C and 100˚C. C. Such 
tunability can be used for controlling thermal emission and to radiatively camouflage objects, as seen 
here. Electrochromic designs based on materials such as Li4Ti5O12 are currently the standard for optically 











1.7 Interaction of Light with Materials: Specific Cases Relevant to This Work 
Interactions between light and materials are diverse, and depend on factors such as the 
wavelength of light, and the intrinsic optical properties and structure of the material. In this 
dissertation, materials with specific optical properties are structured to yield spectrally selective 
behavior. The relevant theories are discussed in this Chapter. 
1.7.1 Propagation of Light in a Non-linear, Homogenous and Isotropic Medium 
For monochromatic light with wavevector ?⃑?  and angular frequency 𝜔 travelling through a 
medium that is non-linear, homogenous, and isotropic,1 the electromagnetic wave propagation 
in the plane wave limit is mathematically described as: 
?⃑? ̃ = ?⃑? ̃0𝑒
𝑖((𝑛+𝑖𝜅)?⃑? ⋅𝑟 −𝜔𝑡)
         (Eq. 1.15) 
where ?⃑? ̃0 is the complex electric field perpendicular to 𝑟 , the direction of propagation, 𝑛 is the 
electromagnetic refractive index of the medium and 𝜅 is the electromagnetic extinction 
coefficient, and together, they make up the complex refractive index, which is related to the 
material’s electromagnetic permittivity 𝜀 by the equation: 
𝜀
𝜀0
= 𝜀𝑟 = 1 + 𝜒 = (𝑛 + 𝑖𝜅)
2        (Eq. 1.16) 
where 𝜀0 is the permittivity of free space (8.85418782 × 10
-12 m-3 kg-1 s4 A2), 𝜀𝑟 is the relative 
permittivity, and 𝜒 is the electric susceptibility of the medium. 
1.7.2 Electromagnetic Models of Materials: The Lorentz Oscillator Model 
The Lorentz oscillator is a classical model widely used for modelling electromagnetic properties 
of materials. For covalently bonded materials such as SiO2 macromolecules and polymers 
which undergo intramolecular oscillations in response to specific electromagnetic wavelengths, 





polymers in this dissertation, a Lorentz oscillator is therefore used to characterize the optical 
properties of polymers. The model states that for a system with vibrational resonance at a 
frequency 𝜔0 the relative electromagnetic permittivity 𝜀𝑟 is given by: 









      (Eq. 1.17) 
where Φ is the oscillator strength (𝜔𝑝, the plasma frequency, is not used as it is not physically 
meaningful for polymers) and Γ is the oscillation damping rate due to factors such as atomic 
collisions, phonon scattering etc. For polymers, which have different chemical bonds, each of 
which have different vibrational modes at different frequencies, 𝜀𝑟 is given by a multiple 
oscillator model: 




𝑖         (Eq. 1.18) 
1.7.3 Scattering of Light by Objects 
Quite often, objects in nature are often found in forms where one material is interspersed in a 
particulate form, or as an entwined matrix within a matrix of a different material. If the materials 
have different optical properties for a given wavelength, light passing through the optically 
heterogenous composite no longer travels as a plane wave, but is scattered by the features 
within the medium, and depending on the materials, attenuated. 
The scattering and absorption of light by an object can be characterized by its scattering and 













The cross-sections, which have a dimension of area, represents the ‘effective area’ of the object 
in scattering or absorbing light. The total of these two quantities, which represents the power 
removed from the incident light, is the extinction cross-section: 
𝜎𝑒𝑥𝑡 = 𝜎𝑠𝑐𝑎𝑡𝑡 + 𝜎𝑎𝑏𝑠         (Eq. 1.21) 
The nature and degree of electromagnetic scattering by a structure depends on the free space 
wavelength of light, the size of the structure, and the optical properties of the object and the 
surrounding medium. Depending on these factors, the cross-sections in Eqs. 18-20 can be 
larger or smaller than the physical size of the object. Therefore, it is useful to define the 
scattering, absorption and extinction efficiencies of objects, which relates the cross-sections of 
an object to its size as shown for scattering. 
𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝜎𝑒𝑥𝑡
𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 𝑡𝑜 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ𝑡
  (Eq. 1.22). 
Usually, the geometries and the arrangement of the structures relative to others in its 
environment is too complicated to analytically calculate, and is beyond the scope of this 
dissertation. Therefore, numerical calculations are used here. Simple numerically derived 
results, such as that of a sphere of a homogenous non-absorptive material A in a matrix of a 
homogenous non-absorptive material B, gives us a useful physical intuition of the interactions. 
One such example is presented in Figure 1.10.A. 
It is evident from Figure 1.10.A that at wavelengths comparable to the size of the object, the 
scattering of light is strong – leading to scattering efficiencies approaching 3. The scattering for 
wavelengths in this regime is known as Mie scattering. At wavelengths considerably larger 
(>10x) than the object size, the scattering is weaker, and is inversely proportional to 𝜆−4 – this is 
the Rayleigh scattering regime. On the other hand, at wavelengths much smaller (< 100x) than 
the object, the scattering efficiency starts to converge to a constant of 2. This is the so called 





1.10.B shows real life examples of the three scattering regimes. The sky represents the 
Rayleigh regime, where the strong scattering (~4x) of the blue wavelengths (𝜆~ 4.5 x 10-7 m) of 
sunlight relative to that of red light (𝜆~ 650 x 10-7 m) by the much smaller air molecules (~ 3.7 x 
10-12 m) gives the sky is characteristic blue color. The water droplets in the clouds, on the other 
hand, are comparable to or larger (> 1.0 x 10-6 m) to solar wavelengths, which causing them to 
indiscriminately scatter all solar wavelengths and yield a white color. The wingtip of the airplane 
(~ 1m), meanwhile, is large, and geometric optics accounts for the specular reflection of the sun 
emerging from its curved surface. 
 
Figure 1.10. (A) Scattering efficiency of an air void (n~ 1) embedded in a medium with n ~ 1.4. The 
geometric reflection regime, Mie scattering regime (shaded) and Rayleigh scattering regime are indicated. 
(B) Photograph showing the different scattering regimes.  
The relationship between the size of the scatterer and the extent of scattering is central to the 
design of many OSDs. For example, it is desirable that white, cool-roof paints maximize their 





researchers over the years. One such study by the author shows that TiO2 pigment particles 
with radius ~ 200 nm backscatter solar wavelengths better than particles of other sizes 
occupying the same total volume (Figure 1.11).22 Therefore, by using pigment sizes optimized to 
scatter sunlight, the amount of pigment and the paint can be reduced to still yield a high optical 
performance – a crucial technical advantage within the paint industry. 
 
Figure 1.11. Simulated backscattered light for different TiO2 pigment (n~2.5) particle sizes embedded in a 
polymer (n ~ 1.5). Evidently, larger particle sizes backscatter a wider range of solar wavelengths. But the 
high backscattering by r~ 100-200 nm particles between 0.4-1.2 μm wavelengths, which carry ~ 80% of 
the solar energy, make them particularly well-suited for use in paints. The Figure was adapted from a 
patent application written in part by the author.22 
1.7.4 Effective Medium Theory 
If the morphological features of an optically heterogenous medium are small (by a factor of 10-1 
or less) compared to the wavelength of light, optical scattering by the features is small, and the 
heterogenous medium behaves like a homogenous medium whose optical properties are 





titanium oxide (Li4Ti5O12) nanoparticles. Li4Ti5O12 is intrinsically transparent between 0.4 to 12 
μm wavelengths, so a layer of Li4Ti5O12 nanoparticles with sizes < 1 μm scatter and reflect 
sunlight, leading to a diffuse white appearance. However, at the longer, LWIR wavelengths < 12 
μm, the layer does not scatter much light and behaves as a somewhat transparent effective 
medium. Consequently, when a layer of Li4Ti5O12 nanoparticles is placed on a metal infrared 
mirror, the system reflects LWIR radiation in a specular rather than diffuse manner. 
 
 
Figure 1.12. The effective medium behavior of Li4Ti5O12 (LTO). The figure was adapted from a publication 
by the author.21 (A) Li4Ti5O12 nanoparticles, which have sizes ~ 0.5μm, effectively scatter and reflect 
sunlight which has comparable wavelengths, leading to (B) a matte white appearance. In the LWIR 
wavelengths which are ~20x larger than the particles, however, the scattering is minimal and layer of 
Li4Ti5O12 nanoparticles behaves (C) as a moderately transparent layer, allowing for a somewhat specular 
reflection when the layer is placed on metal.  
The effective medium behavior of composite materials have been approximated using different 
models. For composites with two constituents, the Maxwell Garnett model and the Bruggeman 





Garnett model, which models the effective behavior of small particles of material A with 
dielectric permittivity 𝜀𝐴, dispersed in a matrix of material B with dielectric and occupying fraction 




        (Eq. 1.23) 
The Bruggeman theory, which is more suitable for percolating media such porous polymers, 




+ (1 − 𝑓)
(𝜀𝐵−𝜀𝐵𝑟)
𝜀𝐵+2𝜀𝐵𝑟
= 0       (Eq. 1.24) 
The effective refractive index can then be obtained from the permittivity using Eq. 1.16. It should 
be noted that these models are approximations at best. However, for small structures relative to 
the wavelengths, and when the permittivities 𝜀𝐴 and 𝜀𝐵 are close to one another, they work 
reasonably well. 
1.7.5 Diffusion Theory 
For wavelengths of light hitting heterogenous media having morphological feature sizes on the 
order of the wavelengths, optical scattering is strong, and the above effective medium 
approximations no longer apply. For cases where the heterogenous medium is non-absorptive, 
diffusion theory can be applied to predict the transmittance and thus the reflectance of a slab of 
the medium with reasonable accuracy – in effect allowing for the slab to be treated as an 
effective scattering medium. In this dissertation, once such theory, proposed by Vera and 
Durian,23 is used. It states that for a slab of a non-absorptive, heterogenous material that is thick 
enough for ballistic transmission though it to be negligible, its diffuse hemispherical 
transmittance τ𝑑𝑖𝑓𝑓 of normally incident light is related to its thickness 𝐿 by the expression: 










where 𝑙𝑓 is the photon mean free path and 𝑧𝑒 is the extrapolation length ratio, a sample-
dependent number on the order of unity, and related to the angular transmittance τ(𝜃). 𝑧𝑒 is 










          (Eq. 1.26) 
where 𝜇 = cos (𝜃), and ∫𝑃(𝜃) sin𝜃 𝑑𝜃 = ∫𝑃(𝜇) 𝑑𝜇 = 1. 𝑃(𝜃) is a scaling of τ(𝜃) to ensure that 
the probability condition is satisfied.  
For equation Eq. 1.25 to predict 𝑇𝑑𝑖𝑓𝑓 for all 𝐿, 𝑙𝑓 and 𝑧𝑒 needs to be experimentally determined 
first. This can be done by measuring 𝑇𝑑𝑖𝑓𝑓 and 𝑇(𝜃) for a single sample with a known thickness, 
and using Eqs. 1.25-26. 
1.7.6 Plasmonic Interactions between Light and Metal Nanostructures 
 
Figure 1.13. Metal nanoparticles with sizes close to the electromagnetic penetration depth can exhibit 
plasmon resonances when interacting with electromagnetic waves. 
For metals, the Drude model predicts that a metal transmits light above, and reflects light below 
its plasma frequency. From refractive indices derived from the model, the electromagnetic 
penetration depth δ, corresponding to an intensity attenuation by 𝑒−1 for light entering the metal, 
is ~ 5-15 nm for typical metals across the solar and thermal wavelengths. Consequently, for 





penetrate the entirety of such nanostructures, and accelerate them. Attraction by the nuclei 
binds the electron cloud, causing them to oscillate like a dipole (Figure 1.13). A very simple 
model – that of a metallic sphere with size < wavelength of light incident on it and embedded in 
a medium – can be used to show that the field inside and the incident field outside the sphere is 




?⃑? ̃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡      (Eq. 1.27) 
It follows that 𝜀𝑠𝑝ℎ𝑒𝑟𝑒(𝜔) ~ − 2𝜀𝑚𝑒𝑑𝑖𝑢𝑚(𝜔), a small incident field produces a large internal field 
within the sphere, and given the intrinsic absorption within the metal, can result in a strong 
energy absorption. For Drude metals, this occurs at 𝜔 =
𝜔𝑝
√3
, where 𝜔𝑝 is the bulk plasmon 
frequency of the metal. It should be noted that 
𝜔𝑝
√3
 lies in the solar wavelengths for many metals. 












)       (Eq. 1.29) 
It follows that the scattering and absorption are also both maximized when 𝜀𝑠𝑝ℎ𝑒𝑟𝑒(𝜔) ~ −
2𝜀𝑚𝑒𝑑𝑖𝑢𝑚(𝜔) – under such conditions, a collection of metal nanoparticles can effectively 
disperse, trap and absorb light within itself. 
In what is a crude but nevertheless useful model, the electromagnetic behavior of small 
plasmonic nanostructures in a medium can be approximated by treating them as Lorentz 
oscillators. If we assume that we have identical plasmonic nanostructures embedded in a 
medium, then the relative permittivity of the systems can be expressed as: 









Φ here represents the number density of the particles and oscillator strength. ω0, meanwhile, 
represents the resonance frequency that depend on the nanostructure’s shape, size, 
composition and the surrounding environment. Typically, it is close to and less than the plasma 
frequency of the bulk metal, i.e. in the solar wavelengths. Γ represents the damping of electron 
oscillations in the nanostructure, which can be due to collisions of electrons with nuclei, grain 
boundaries and nanoparticle boundaries, and electromagnetic coupling between nanoparticles. 
Another cause of damping is the interband transitions within the nanostructure, if the metal in 
question is transition metal. Collectively, these serve to broaden the absorption around a  It 
should be noted that the nanostructures in this case are much smaller than the wavelengths of 
light (> 0.4 μm), meaning that the implicit assumptions that the incident electric field is constant 
across the nanoparticle and that the dipole model with a resonance at ω0 can be used, are 
valid. In larger particles, or large aggregates of small particles that electromagnetic waves can 
penetrate more easily, multipolar oscillations of smaller wavelengths in addition to dipolar 
oscillations of larger wavelengths can occur. It follows from Eqs. 1.30 and 1.16 that a large Φ 
and Γ can lead to a large, broadband absorption around ω0. And for an ensemble of 
nanostructures with dipolar or higher order resonances, the absorption can span well into the 
infrared. 
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Chapter 2. A Scalable, Dip-and-dry Method for Fabricating Spectrally Selective Plasmonic 
Nanostructure-coated Foils 
2.1 Background and Summary 
In recent decades, the increasing global energy expenditure and concerns about its 
environmental impact has seen the world significantly shift towards using renewable energy.1 Of 
the different sources of renewable energy, solar radiation is the most abundant and accessible – 
the annual solar energy incident on the Earth’s surface is ~1 x 104 times the current global 
energy use, and even highly conservative estimates of the harvestable solar energy are 
predicted to meet global energy consumptions until the end of this century.2 Solar energy can 
be harvested by various means, such as conversion to electricity by photovoltaic devices, to 
chemical energy in fuels (e.g., H2), and to heat by photo-thermal converters.3-5 The last is 
particularly promising, as it typically utilizes a larger bandwidth within the solar spectrum, and 
attains higher energy-conversion efficiencies.6-8 Consequently, in recent years, solar-thermal 
converters have seen increasing uses in a variety of applications. For instance, low-temperature 
(≲ 100°C) solar-thermal converters are used for passive heating, as well as distilling or 
desalinating water for industrial and domestic use,9-12 while mid- (100-400°C) and high- (> 
400°C) temperature variants have additional uses in concentrated solar power systems and 
solar-thermal electricity generators.8,13  
Regardless of its type, an ideal solar-thermal converter maximizes its radiative heat gain from its 
surroundings, i.e., it has a surface with high absorptance in the solar wavelengths (0.3 to ~2.5 
μm) and low emittance in the infrared thermal radiation wavelengths (~ 2.5 to 40 μm). Selective 
solar absorbers (SSAs), which exhibit such optical properties, have been developed for 
decades. Variants include intrinsic selective absorbers, semiconductor-metal tandems, metal-
dielectric multilayer broadband absorbers, textured metals, ceramic-metal composites 





𝐴𝑠𝑜𝑙 (≳ 0.8) and 𝜖 (≲ 0.2), as required for practical use.
8 However, with regard to cost, ease of 
fabrication or environmental footprint, they may be less than desirable. Fabricating multilayer 
structures, for instance, involves expensive vacuum-based vapor-deposition processes,14 while 
making cermets may require hazardous chemicals.16 A scalable and environment-friendly 
process to develop efficient, durable and low-cost SSAs remains sought-after. Towards this 
end, a room-temperature, galvanic-displacement reaction based ‘dip-and-dry’ technique can 
provide a facile, inexpensive and environment-friendly alternative for fabricating high-
performance SSAs. 
In this work, the author demonstrates a simple, room-temperature, ‘dip-and-dry’ technique to 
fabricate a class of plasmonic metal nanoparticle-based SSAs with high performance and high 
stability at temperatures of up to 200°C. The process is based on a galvanic displacement 
reaction, and yields plasmonic nanoparticle-coated metal foils (PNFs) with an excellent wide-
angle solar absorptance 𝐴𝑠𝑜𝑙(𝜃) that peaks at 0.97 and remains as high as 0.79 at a grazing 
incidence angle of 80°. The hemispherical thermal emittance is measured to be 0.10 at 100°C. 
The solar absorptance and thermal emittance are attained without the use of antireflection 
coatings, and are easily tuneable to suit different operating conditions. Furthermore, the 
technique does not require electrochemical or vacuum deposition, and is fully compatible with 
roll-to-roll processes – making it a simple, inexpensive and environment-friendly alternative to 
current SSA manufacturing methods. 
2.2 Galvanic Displacement Reaction as a Way to Make Plasmonic Nanostructure-Coated 
Foils (PNFs) for Selective Solar Absorption 
Plasmonic metal nanoparticles are attractive for selective solar absorption because they can 
effectively scatter, trap and absorb radiation in the solar wavelengths.19 The plasmon 
resonances induced by sunlight undergo non-radiative damping, generating heat in the process. 





methods, which makes deposition on substrates complicated. However, under suitable 
conditions, nanoparticles of certain metals M1 can be easily formed from a solution of M1x+ ions 
on another metal M2 by galvanic displacement reaction. The nanoparticles of M1, which are 
plasmonic, form a sub-micron layer with a high solar absorptance. However, at longer, infrared 
wavelengths corresponding to thermal radiation (4-20 μm), the nanoparticles act as a lossy 
effective medium with deep-subwavelength thickness on the highly reflective M2, leading to a 
low thermal emittance. Here, the authors present copper (Cu) and zinc (Zn) as one such M1-M2 
pair (further examples are presented later in this Chapter). Figure 2.1 summarizes the 
fabrication process and the characteristics of a Cu-Zn PNF. By merely dipping Zn foil in 
aqueous CuSO4 for ∼30-60s, aqueous Cu2+ ions can be reduced to metallic Cu nanoparticles by 
Zn on its surface (Figure 2.1.A-B). The Cu deposition appears as a black layer on the metallic 
Zn (Figure 2.1.C), indicating a strong solar absorptance (Figure 2.1.D). Visible and infrared 
reflectance measurements reveal that the PNF has an excellent optical selectivity (𝐴𝑠𝑜𝑙(20°) = 
0.96 and 𝜖(20°) = 0.08, Figure 2.1.E). The performance is all the more remarkable given the 








Figure 2.1. (A) Schematic of the deposition process, showing the formation of Cu nanoparticles on Zn by 
a galvanic displacement reaction. (B) Scanning electron microscope (SEM) image of the Cu nanoparticle 
layer on the PNF. The scale bar represents a length of 200 nm. (C) Photograph of the PNF against a 
white background, with light reflecting specularly off the sample into the camera. (D) Schematic depicting 
the high solar absorptance and low thermal emittance of the PNF. Thickness of the arrows indicate 
intensity. (E) Spectral reflectance of a PNF (𝐴𝑠𝑜𝑙  (20°) = 0.96, 𝜖(20°) = 0.08) and of the ideal SSA at 
100°C. Normalized spectral intensities of the AM 1.5 solar spectrum and a blackbody at 100°C are also 
shown. 
2.3 Material Characterization of Cu-Zn PNFs 
It is well-known that the Cu-Zn galvanic-displacement reaction yields metallic copper.21 For the 
nanoparticle layer of the PNFs, this is confirmed by multiple characterizations shown in Figure 
2.2. For instance, nanobeam electron-diffraction from nanoparticles extracted from the PNF 
shows peaks that correspond to polycrystalline, FCC copper (Figure 2.2.B). The polycrystallinity 
is characterized by small particles~ 20-30 nm in size clustered to form larger particles. 
Elemental maps (Figure 2.2.C-E) show a trace of Zn around the Cu nanoparticle, which is 





This is further corroborated by X-ray diffraction (XRD) measurements of the nanoparticles, 
which show a pure copper phase (Figure 2.2.G), and by Auger electron spectroscopy (AES) of 
the PNF, which show a pure Cu0 profile 20 nm below the PNF’s surface (Figure 2.7.D). The 
corroborating characterizations firmly establish the nanoparticle layer as metallic, and confirms 
the PNF’s plasmonic behavior. 
 
Figure 2.2. Characterizations of particles extracted from the PNF’s surface (as described in Chapter 
2.10). (A) Transmission electron microscope (TEM) image of a Cu nanoparticle. Scale bar represents a 
length of 50 nm. (B) Nanobeam diffraction pattern of the nanoparticle in (A), showing strong peaks 
(circled) corresponding to Cu. Overlapping patterns of the peaks suggest that the Cu is polycrystalline. 
(C) Cu, (D) Zn, and (E) combined elemental maps of the nanoparticle in (A) obtained using the TEM’s 
scanning (STEM) mode. The maps show a thin layer of Zn around the nanoparticle. Scale bar represents 
a length of 50 nm. (F) EDS spectra of the nanoparticle in (A). The peaks corresponding to Nickel (Ni) 
originate from the nickel mesh supporting the samples. (G) X-ray diffraction patterns of Cu particles from 
the PNF, and a JCPDS Cu reference. As evident, the characterizations confirm the presence of metallic 





2.4 Finite-difference Time Domain Simulations of PNFs 
For plasmonic nanoparticles, light absorption depends on factors such as size, material 
environment, and total volume of the absorbing metal.22 Therefore, to understand the 
mechanisms behind the spectral selectivity of the PNF and predict its optimal morphology for 
selective solar absorption, different morphologies of the PNF and their spectral reflectances 
were simulated using the finite-difference time-domain technique (Lumerical FDTD Solutions). 
As shown in Figure 2.3.A, the Zn substrate was represented by an optically thick slab, on which 
Cu nanoparticles were randomly arranged. Each Cu nanoparticle was represented as a cluster 
(right inset, Figure 2.3.A) of small, 20 nm spheres to mimic the surface features of the 
nanoparticles (left inset, Figure 2.3.A). The diameters (d) of the nanoparticles and the thickness 
(h) of the nanoparticle layer were varied, and spectral reflectances at normal incidence for the 
400 nm-14 μm wavelengths were recorded. As shown in Figure 2.3.B-D, with increasing layer 
thickness, solar absorptance 𝐴𝑠𝑜𝑙  and thermal emittance 𝜖 both rise. This can be attributed to 
several effects. In the solar wavelengths, the high absorptance arises from the plasmon 
resonances of the Cu nanoparticles. The spectral absorbance is broader than that of bulk 
copper, likely due to resonance-broadening arising from electron scattering at the boundaries of 
and defects within the nanoparticles.5 As h increases, the volume for both light-matter 
interactions and near-field coupling between neighboring nanoparticles increase20 – the first 
strengthens the absorption, and the second broadens it. On the other hand, at thermal radiation 
wavelengths ≫ d, the nanoparticle layer behaves as a lossy effective medium with low 
reflectivity, which light traverses before and after it is reflected by the Zn substrate (Figure 2.4). 
Therefore, increasing thickness leads to a higher attenuation of the light and thus a lower 
reflectance. A broader absorption (i.e. lowered reflectance) extending into the infrared 
wavelengths due to resonance peaks is also seen with increasing d, (Figure 2.3.D) although 





earlier reports in literature, and is likely due to higher-order multipolar resonances that manifest 
with increasing particle size.22,23  
 
Figure 2.3. (A) Schematic of the simulated PNF. The SEM image in the left inset shows Cu nanoparticles 
comprising of smaller features. The scale bar represents a length of 50 nm. The right inset shows a single 
simulated spherical nanoparticle as a cluster of 20 nm spheres. (B) Simulated spectra showing the effect 
of increasing nanoparticle diameter d and layer thickness h. (C), (D) and (E). respectively show 𝐴𝑠𝑜𝑙(0°), 
𝜖(0°) and ηsol-th at normal incidence for different values of d and h. Cases with h < d correspond to a 






Figure 2.4. Simulated absorptances of free standing layers of Cu nanostructures (no zinc substrate 
present) for d = 20 and 90 nm. While the increase in absorptance is not exponential with thickness and 
peaks (such as the ones at 8 μm) potentially corresponding to resonances are observed, it is clear that a 
higher thickness corresponds to a greater attenuation of light. Essentially, the layer behaves as a lossy 







Figure 2.5. Color plots of the simulated spectral absorptances 𝐴(𝜆, 0°) = 𝜖(𝜆, 0°)  =  1 –  𝑅(𝜆, 0°) for 
various Cu nanostructure diameters d and layer thicknesses h. For each d, the ribbons represent the 
spectral absorbance for some number of nanostructure layers of particles with a total height h. E.g. for d ~ 
90 nm, 1 to 5 layers of Cu nanostructures on Zn are simulated, with 5 layers corresponding to h = 312 nm 
~ 300 nm. The 𝐴𝑠𝑜𝑙(0°), 𝜖(0°) and 𝜂𝑠𝑜𝑙−𝑡ℎ in Figure 2.3.C-D is derived from 𝐴(𝜆) presented here. As 
evident, for similar thicknesses h, layers with smaller d show a broader absorptance 𝐴(𝜆), leading to a 
higher 𝜖. For larger particles with d ~ 90 nm or above, fluctuations in absorptance are seen in the 1-4 μm 
range, and are likely due to size-dependent resonances.  
The plots in Figure 2.3.C-D of 𝐴𝑠𝑜𝑙(0°) and 𝜖(0°) show general trends, which yield estimates of 
what nanoparticle diameters and layer thicknesses optimize the PNF’s solar absorptance and 
thermal emittance. The plot of ηsol-th in Figure 2.3.E shows that diameters d < 100 nm and layer 





Accounting for hemispherical thermal emittance, which is typically higher than near-normal 
emittance,8 the real efficiency is predicted to peak between 0.8 and 0.9. 
2.5 The Effect of Galvanic Displacement Reaction Parameters on Optical Properties of 
the PNF 
The simulation results provide guidance on the design of a PNF for selective solar absorption. It 
was conjectured that the desired ranges for nanoparticle size d and layer thickness h can be 
attained by varying the galvanic-displacement reaction parameters, such as Cu2+ concentration, 
immersion time, and temperature. Figure 2.6 summarizes the experimental results. As evident 
from Figure 2.6.A-C, the spectra closely resemble the simulation results in 2.3.B, especially 
considering that the fabricated PNFs exhibit spectral features corresponding to distributions of 
nanoparticle diameters (Figure 2.6.G-H). Figure 2.6. A-C show that higher reactant 
concentrations, longer immersion times and higher temperatures all result in lower reflectances 
across larger bandwidths. For immersion time, this manifests as a near constant 𝐴𝑠𝑜𝑙(20°) 
(~0.83) and a small rise in 𝜖(20°) (0.03 to 0.06) (Figure 2.6.D). However, for Cu2+ concentration, 
the increases in 𝐴𝑠𝑜𝑙(20°) (0.43 to 0.94) and 𝜖(20°) (0.02 to 0.24) are considerably larger 
(Figure 2.6.E). Significant increases in 𝐴𝑠𝑜𝑙(20°) (0.86 to 0.93) and 𝜖(20°) (0.02 to 0.17) are also 
observed with increasing reaction temperatures (Figure 2.6.F).  
The observations can be attributed to the scaled distributions of d presented in Figure 2.6.G-I, 
and to the increase in h with the reaction parameters. As shown, the distribution does not 
change greatly with reaction time (Figure 2.6.G), with mean diameter μd and standard deviation 
σd showing only small rises. The corresponding spectral reflectances only show a slight 
absorption-broadening (Figure 2.6.A). However, with concentration, the distribution of d 
broadens drastically (Figure 2.6.H), and so does the absorption into the infrared (Figure 2.6.B). 
Similar changes are observed for increasing reaction temperature (Figure 2.6.C,I). The 





layers. These very large particles could account for the large increases in emittance in the 
infrared wavelengths for concentration (Figure 2.6. E) and temperature (Figure 2.6.F). 
Layer thickness (h) also likely plays a role. As evidenced by the presence of large particles, 
higher concentrations and temperatures lead to thicker Cu depositions. Simulations show that 
an increasing h leads to an increasing 𝜖(20°) – particularly for small particles (d < 100 nm, as in 
Figures 2.3.D, and 2.5). And since the size distributions shown are all right-skewed, thicker 
layers have an abundance of such small particles in addition to large ones, and can show higher 
𝜖(20°). From SEM image analysis, the thicknesses (h) are estimated to be between 200-400 nm 
– enough to show thickness-dependent optical performance, as reflected in Figures 2.3.D-E 






Figure 2.6. (A-C). Spectral reflectances, (D-F). 𝐴𝑠𝑜𝑙(20°), 𝜖(20°) and 𝜂𝑠𝑜𝑙−𝑡ℎ, and (G-I). scaled (to the 
same height) nanoparticle size-distribution of the PNFs fabricated with different times, temperatures and 
concentrations. Mean diameter μd and standard deviation σd (error bars) of the distributions are presented 
in the insets.  
It is evident from Figure 2.6.D-F that the ‘dip-and dry’ technique can be used to tune the PNFs’ 
𝐴𝑠𝑜𝑙, 𝜖, and therefore, 𝜂𝑠𝑜𝑙−𝑡ℎ. For increasing temperatures and concentrations, the large 





whereas for immersion time, the small increases in 𝐴𝑠𝑜𝑙 and 𝜖 maintain a near-constant value of 
𝜂𝑠𝑜𝑙−𝑡ℎ. A peak 𝜂𝑠𝑜𝑙−𝑡ℎ of 0.84, which is within the range predicted by the simulations, is 
observed for a Cu2+ concentration of 12.5 mM, an immersion time of 45s, and a temperature of 
~25°C. The parameters are used for subsequent experiments. The author notes that 𝐴𝑠𝑜𝑙 and 𝜖 
could be similarly tuned to maximize the PNFs’ efficiency for different solar concentrations,8 
operating temperatures and radiative environments, or even attain the desired spectral 
reflectances for applications such as thermal heat detection24 – evidently, the ‘dip-and-dry’ 
technique is a broadly applicable technique for achieving such controllable selectivities. 
Besides nanoparticle size distribution and layer thickness, surface texture can play an important 
role in determining the spectral reflectance of the PNF. The author discovered that a stepwise 
‘dip-and-dry’ process can alter the surface morphology of the nanoparticle layer. Figure 2.7.A 
shows typical results for continuous 45s and stepped 30+15s depositions. As evident, stepwise 
depositions yield a lower 𝑅(𝜆) at the measured wavelengths, and thus higher 𝐴𝑠𝑜𝑙 and 𝜖 than 
those for the continuous case. The insets show that while the continuous depositions yield 
nanoparticles that resemble jagged spheroids, stepwise depositions yield additional, sharp, 
filament-like features that increase surface roughness. It is likely that these features reduce 
reflectance by providing a better optical impedance match between air and the nanoparticle 
layer, and by in-plane scattering of the incident radiation.25,26 For the PNF, this results in an 
average 𝐴𝑠𝑜𝑙(20°) of 0.96 and 𝜖(20°) of 0.08. The values are comparable to notable results in 
the literature, and could potentially be enhanced further using antireflection coatings.15,27 The 
authors also note that the morphology of the PNF can be varied with the anions and surfactants 
in the solution and the type of metal deposited.28 The ‘dip-and dry’ technique therefore offers 





2.6 Angular Solar Absorptance and Thermal Emittance 
Excellent wide-angle selective absorption is critical for SSAs in real situations, as the relative 
angle of the sun varies drastically during the day and across seasons. Furthermore, diffuse 
sunlight from the atmosphere constitutes a significant fraction, ~10%, of the incident solar 
power.29 Therefore, to efficiently harvest solar energy, an SSA must have a high 𝐴𝑠𝑜𝑙(𝜃) and a 
low 𝜖(𝜃) at all incidence angles. The angle-dependence of 𝐴𝑠𝑜𝑙(𝜃) and 𝜖(𝜃) is not well-studied, 
and reports of designs with 𝐴𝑠𝑜𝑙(80°) > 0.7 are unfortunately rare due to reflection at high 
angles. Here, the authors found that PNFs yielded by the stepwise ‘dip-and-dry’ technique have 
an excellent wide-angle solar absorptance, with 𝐴𝑠𝑜𝑙(𝜃) ranging from 0.96 at 15°, to a peak of 
0.97 at ~35°, to 0.79 at 80°. This insensitivity to angle is likely due to the spheroidal particles 
and filament-like features, which provide the same optical responses over a wide range of 
incidence angles. In contrast, wide-angle SSAs reported in literature often have directionally 
orientated structures, which likely enhances near-normal 𝐴𝑠𝑜𝑙(𝜃), but reduces 𝐴𝑠𝑜𝑙(𝜃) at high 
angles.15,17,26,30 As shown in Figure 2.7.B, for 𝜃 >50°, the PNFs have a significantly higher 
𝐴𝑠𝑜𝑙(𝜃) than SSAs with comparable optical selectivities, which makes them attractive as both 
tubular and flat SSAs. At very high values of 𝜃, however, 𝐴𝑠𝑜𝑙(𝜃) falls – likely due to Mie-
scattering back into free-space. For 𝜖(𝜃), an increase with angle is observed (0.08 at 15° to 
0.12 at 80°). This is expected, since at higher angles of incidence, the optical paths through the 
attenuating nanoparticle are longer. The increased emittance may also arise from the underlying 
Zn, which, being metallic, has higher emittance at large angles.31 The angular measurements 
yield an upper bound of 0.10 for 𝜖. The efficiency 𝜂𝑠𝑜𝑙−𝑡ℎ is found to peak at ~0.86 – a desirable 






Figure 2.7. (A) Reflectance spectra of PNFs fabricated using continuous (45s) and stepwise (30+15s) 
deposition. Insets show the SEM images of the deposited nanoparticles, with scale bars representing a 
length of 200 nm. (B) Angular reflectance and emittance of the PNFs fabricated by stepped deposition, 
presented alongside those of different solar absorptive surfaces reported in the literature. (C) Reflectance 
spectra of PNFs before, after 24 hours and after 96 hours of heating in air at 100 °C. (D) Auger spectra of 
pristine and heat-treated PNFs taken at ~20 nm depth below the surface, and of a reference Cu foil that 






2.7 Mechanical and Thermal Stability Tests 
For practical use, an SSA needs to retain its performance under operating conditions over a 
prolonged period. Therefore, it must be mechanically and thermally stable. In that regard, PNFs 
subjected to mechanical and thermal stability tests show promising results. The mechanical 
stability tests are conducted following the ASTM adhesion test (D3359-09) protocol: a standard 
tape with known adhesiveness is procedurally applied to PNFs, and then peeled off. It is 
observed that the adhesion between the nanoparticle layer and the Zn substrate is strong 
enough for the adhesives of the tapes to remain on the PNFs. The authors conjecture that this 
could be due to the alloying of Cu and Zn at the nanoparticle-substrate interface. In one case, 
where the tape was completely peeled off from a PNF, reflectance measurements yielded no 
significant changes in 𝐴𝑠𝑜𝑙(20°), 𝜖(20°) and 𝜂𝑠𝑜𝑙−𝑡ℎ (Table 2.1). The test results are 
encouraging, and indicate the PNFs’ compatibility with post-deposition rolling, cutting, and other 
manufacturing processes. 
To test for thermal stability, bare PNFs are subjected to accelerated thermal aging tests at 
200°C in argon and air for up to 96 hours. Analogous tests are also performed in targeted 
operating conditions (100°C, in air). Figure 2.7.C and Table 2.1 show typical results. In both 
argon and air, 𝐴𝑠𝑜𝑙(20°) and 𝜖(20°) decrease slightly with prolonged heating. For instance, over 
96 hours of heating in air at 200°C, 𝐴𝑠𝑜𝑙(20°)/𝜖(20°) decrease from 0.94/0.13 to 0.90/0.09. 
Regardless, 𝜂𝑠𝑜𝑙−𝑡ℎ remains essentially unchanged in all cases, and in air, the performance 
stabilizes within 24 hours. Furthermore, the results for argon and air respectively indicate that 
any Cu-Zn alloying and oxidation do not significantly impact the PNFs’ performance. In fact, 
even after prolonged heating at the targeted 100°C operating temperature, the nanoparticle 
layer morphology appears intact, and AES depth profile indicates that any oxidation is limited to 
a depth ≲ 20 nm from the PNF’s surface – small compared to the thickness of the nanoparticle 





presence of reducing zinc, which underlies and also appears to form a thin layer around the 
copper nanoparticles (Figure 2.2.E). Furthermore, the stabilities observed at 200°C suggest that 
the PNFs may be operable at temperatures much higher than the 100°C value conservatively 
surmised by the authors. The stability could be enhanced further by applying impermeable anti-
reflection coatings for use in air,32 and in vacuum-tube configurations where SSAs are used, it 
would likely not be an issue. 
Table 2.1 Solar absorptance, thermal emittance and solar-thermal conversion efficiencies of PNFs before 
and after mechanical and thermal stability tests. 𝜃 = 20° in all cases. 
Time 
(hr) 
200°C in Argon 200°C in air 100°C in air Mechanical Stability Test 
𝐴𝑠𝑜𝑙(𝜃) 𝜖(𝜃) 𝑛𝑠𝑜𝑙−𝑡ℎ  𝐴𝑠𝑜𝑙(𝜃) 𝜖(𝜃) 𝑛𝑠𝑜𝑙−𝑡ℎ  𝐴𝑠𝑜𝑙(𝜃) 𝜖(𝜃) 𝑛𝑠𝑜𝑙−𝑡ℎ  
 
𝐴𝑠𝑜𝑙(𝜃) 𝜖(𝜃) 𝑛𝑠𝑜𝑙−𝑡ℎ  
0 0.94 0.10 0.83 0.94 0.13 0.79 0.95 0.09 0.85 Before 0.93 0.09 0.83 
24 0.93 0.07 0.85 0.90 0.09 0.81 0.92 0.05 0.87 After 0.94 0.08 0.85 
96 0.91 0.08 0.83 0.90 0.09 0.80 0.91 0.05 0.86 
    
 
2.8 Tests under Solar Illumination 
Theoretically, the high 𝜂𝑠𝑜𝑙−𝑡ℎ of the PNFs allows them to attain higher temperatures under the 
sun than those of commonly found black, emissive materials. Laboratory simulations of such a 
scenario (Figure 2.8) confirms this to be the case: under illumination by a solar simulator lamp 
with irradiance equivalent to ‘1 Sun’, the PNFs are found to reach a significantly higher 
temperature (148°C), than that (122°C) of a thermally emissive black aluminum foil (𝐴𝑠𝑜𝑙(0°) = 
0.95 and 𝜖(0°) ~ 0.75). Notably, the difference in temperature is achieved with the radiative 
environment of the samples representing a very warm ‘sky’ (effective blackbody temperature of 
the lab environment > 30°C). Under real skies with effective radiative temperatures ≲ -30°C, the 








Figure 2.8. The solar simulator setup. It should be noted that the fan was brought into view of the camera 






2.9 Galvanic Displacement Based ‘Dip-and-dry’ technique – Potential and Issues 
The ‘dip-and-dry’ technique discussed above is an relatively facile, inexpensive and 
environmentally benign way to fabricate SSAs with performance comparable to state-of-the art 
designs. It is therefore surprising that no precedent to the use of the technique in this work is 
available in literature. An apparently similar approach was reported by Banerjee et. al.,33 who 
used the Cu-Zn galvanic displacement reaction as a prelude to a high-temperature oxidation 
step for obtaining a previously known semiconductor-metal tandem SSA (CuO microparticles on 
metal (Fe)).34 The CuO-Fe tandem, however, has a fundamentally different solar absorption 
mechanism (interband electron transitions) compared to plasmonic processes, and its 
performance (𝐴𝑠𝑜𝑙 ≤ 0.91 and 𝜖 ≥ 0.17), has long been superseded by more recent designs and 
in this report.8,16,17,20,27 In contrast, the PNF presented here is a plasmonic SSA fabricated by a 
single-step, galvanic-displacement based, room-temperature ‘dip-and-dry’ technique. And as 
demonstrated, its optical performance (𝐴𝑠𝑜𝑙~ 0.96 and 𝜖 < 0.10) is superior to Banerjee et. al.’s 
design, and on par with current SSA architectures. 
 
Figure 2.9. Examples of (top) Metal-Zn and (bottom) Metal-Alloy PNFs. Together, these represent a few 
of the many metal combinations that can be used for making PNFs using the ‘dip-and-dry’ technique. 
While exemplified here with the Cu-Zn combination, the ‘dip-and-dry’ technique can be achieved 





PNFs based on a few different Metal-Zn and Metal-Zn alloy combinations. Combinations 
involving other metals than zinc, such as Ag-Cu or Cu-Al systems are also known.28 Clearly, 
there remains room for further exploration in this regard. 
The usefulness of the ‘dip-and-dry’ technique goes beyond making SSAs to a wide range of 
spectrally selective surfaces. As evident from Figure 2.10.A, by merely varying the reaction 
time, a range of optical surfaces from SSAs to selective thermal absorbers/emitters to super-
broadband absorbers/emitters can be made. Selective NIR-SWIR emitters made by the 
technique using metals that can withstand high temperatures could be used in 
thermophotovoltaic systems.35 More broadband selective emitters maybe used as selective 
LWIR emitters for radiative cooling, while super-broadband emitters or absorbers can be used in 
light filtering systems, broadband radiative cooling or for heat dissipation. The author has 
demonstrated that by coupling with solar-reflecting, IR-transparent materials such as micro and 
nanoporous polyethene, daytime radiative cooling is also achievable. Given the PNFs’ high 
solar absorptance, they may also be used for hot electron harvesting.36 The performances of 
such designs may rival those of state-of-the-art alternatives. For instance, Ag-Zn PNFs can 
achieve a wide-angle, super-broadband absorption that is comparable to or better than super-
black standards such as Acktar metal velvetTM (Figure 2.10.B). The ‘dip-and-dry’ technique is 
therefore highly promising for such applications. It should be noted that for very high 
temperature applications, diffusion ‘melting’ and oxidation of nanoparticles may be issues. In 
that regard, diffusion or oxidation barrier coatings that can be applied to the PNF with a similar 






Figure 2.10. (A) By varying the reaction time, the ‘dip-and-dry’ technique can be used to create a variety 
of optical surfaces ranging from solar absorbers to super-broadband emitters. (B) Ag-Zn wide-angle 
super-broadband absorbers created using the technique rival or outperform commercial super-black 
coatings such as Acktar Metal Velvet. 
In summary, the ‘dip-and-dry’ technique demonstrated here is a simple, inexpensive and eco-
friendly process for making a variety of SSDs with high optical performance. This is exemplified 
by PNFs created using the technique, which exhibit an excellent, wide-angle solar absorptance 
𝐴𝑠𝑜𝑙(𝜃) (0.96 at 15°, to 0.97 at 35°, to 0.79 at 80°) and a low hemispherical thermal emittance 𝜖 
(< 0.10) without the aid of antireflection coatings, and also show mechanical strength and 
thermal stability at temperatures of up to 200°C in air over prolonged periods. Furthermore, and 





thermal emittance, and is compatible with a wide range of metals. All these attributes make it 
highly attractive as a generic way for making plasmonic surfaces. 
2.10 Materials and Methods 
Fabrication of the Plasmonic Nanoparticle-coated Foils (PNFs): Zn foil (thickness – 250 µm, 
purity – 99.98%, from Alfa Aesar) was cut and flattened into small strips. Prior to Cu deposition, 
the strips were sonicated in 2.5% sulfuric acid, IPA, and acetone for 30 seconds, 5 minutes, and 
5 minutes respectively. After rinsing with IPA and water and blow-drying with air, the Zn strips 
were immersed into aqueous CuSO4 with different concentrations, at different temperatures, or 
for different times for the nanoparticles to form. The samples were then dipped in water to 
quench the reaction and then blow dried. Similar experiments were also performed with other 
metals and salts, and yielded optically selective PNFs. 
Optical characterization: Spectral reflectance of the PNFs was determined separately in the 
visible to near-infrared (0.41-1.05 μm) and near-infrared to mid-infrared (1.06-14 μm) 
wavelength ranges. For the first range, a high-power supercontinuum laser (SuperK Extreme, 
NKT Photonics) coupled to a tuneable filter (Fianium LLTF contrast) was used to shine specific 
wavelengths into an integrating sphere (Model IS200, Thorlabs). PNFs were then individually 
inserted into the integrating sphere to intercept the light at angles of incidence between 15° and 
80°, and had their reflectances measured at 5 nm wavelength intervals by a silicon detector. For 
the near-infrared to mid-infrared range, a Fourier Transform Infrared (FT-IR) spectrometer 
(Vertex 70v, Bruker) and a gold integrating sphere (Model 4P-GPS-020-SL, Labsphere), along 
with a mercury-cadmium telluride detector were similarly used. In both cases, gold-coated 
aluminum foils and gold-coated silicon wafers were used as references suited to the PNFs, 
which themselves showed nearly-specular visible reflectances. For PNFs fabricated under the 





horizontally extrapolated to the 280 nm – 40 μm range. 𝐴𝑠𝑜𝑙, 𝜖 and 𝜂𝑠𝑜𝑙−𝑡ℎ were calculated from 
the resultant spectrum. 
Material Characterizations: Auger Electron Spectroscopy (AES) was performed on one pristine 
and one thermally annealed (100°C, 24 hours) PNF made using the stepwise deposition 
process. The spectra were obtained for different depths from the PNF’s surfaces by etching with 
an argon ion beam. A copper foil, with surface oxide etched, was used as reference. 
Transmission electron microscopy, electron diffraction, EDS mapping and X-ray diffraction 
measurements were taken on Cu nano- and micro-particles. The particles were obtained by 
sonicating PNFs with thick copper depositions, followed by cleaning the particles with water, 
and then dispersal and prolonged sonication in acetone to form a dispersion. 
Simulation: FDTD Solutions 8.6.1 software by Lumerical was used to simulate the spectral 
reflectance of PNFs with various nanoparticle diameter d and layer thicknesses h. The Cu 
nanoparticles, which appear as comprising of smaller structures, were represented as spherical 
clusters of 20 nm spheres in a face centered cubic arrangement. The clusters were randomly 
placed in layers over Zn, which was represented as a smooth, optically thick slab. The volume 
fraction of the nanoparticles was chosen to be ~0.55 based on analysis of SEM images of 
preliminary samples and the assumption that any loose packing due to random nanoparticle 
growth would be compensated by the close-packing of nanoparticles with different sizes. 
Depending on d, it varied between 0.52 and 0.57. Refractive index data for Cu on Zn were 
obtained from the literature.37-39 From the simulations, spectral reflectance was obtained and 
used to calculate and 𝐴𝑠𝑜𝑙(0°), 𝜖(0°) and 𝜂𝑠𝑜𝑙−𝑡ℎ at normal incidence. The stated values of h 
were accurate to ± 5%, as the particles did not stack up to precise heights. 
SEM characterization: Cu nanoparticles on the PNFs were imaged with a Zeiss Sigma VP 
scanning electron microscope. For PNFs synthesized under different parameters, the sizes of 





measurements, the particle size distributions, means and standard deviations were calculated 
for the different reaction conditions. 
Solar Simulator Test: Figure 2.8 shows the setup for the test. A PNF, placed atop a thermally 
insulating foam, was put in a white, open-top box with a polyethene cover to reduce convection 
and allow transmission of solar and thermal radiation. The setup was then placed directly 
underneath a solar simulator lamp (Atlas SolarConstant, with K.H. Steuernagel Lichttechnik 
GmbH controller). A thermopile sensor (type 3A, item 7Z02621, Ophir Photonics) was used to 
adjust the intensity of the lamp such that the ‘solar’ irradiance at the location of the PNF, and 
after transmission through poly(ethene), was equal to that of the ASTM G173 Global Solar 
Spectrum (±1%). Insulating foam was placed around the setup, which was then allowed to 
reach steady state. Temperatures of the sample and the environment were recorded using 
thermocouples. During the experiment, the lamp was found to heat up the air considerably, so a 
fan was used to maintain a draft (not blowing near the sample) to cool the lamp and keep the air 
at the midpoint between the sample and the lamp at 29°C. The temperatures of the surrounding 
walls within a 4 feet height of the PNF were measured at ~30°C, while that of the lamp’s glass 
was found to be ~170°C. From those values and a rough estimation of the view factors for the 
PNF, an effective ‘sky temperature’ > 30°C was calculated. The thermal irradiance from the 
lamp after transmission through poly(ethene) was also measured, and was found to be small 
(~1.5%) relative to the solar component, and therefore not considered to be significant. For 
comparison, an analogous test was performed with aluminum foil coated with a black, thermally 
emissive layer (item 7073T24, McMaster Carr). 
Mechanical stability tests: The ASTM adhesion test (D3359-09) protocol was followed, but 
without making cuts on the PNFs – Elcometer 99 tape was pressed and smoothed onto the 
PNFs whose spectral reflectances had been previously measured, and after 90 seconds, 





Thermal Stability Tests: Individual PNFs were heated on hotplates for 96 hours, either in an 
argon-filled chamber or in air at 200°C. During the tests, the PNFs were covered with a lid to 
maintain a uniform temperature. Spectral reflectances of the samples were measured prior to 
the test, and after heating for 24 and 96 hours, to measure the change in 𝐴𝑠𝑜𝑙, 𝜖 and 𝜂𝑠𝑜𝑙−𝑡ℎ 
over time. 
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Chapter 3. Phase Inversion-based Porous Polymer Coatings for Passive Daytime 
Radiative Cooling 
3.1 Background and Summary 
Cooling human-made structures, such as buildings, is a widespread necessity faced by humans 
today.1 However, compression-based cooling systems that are prevalently used (e.g. air 
conditioners) consume significant amount of energy, have a net heating effect, require ready 
access to electricity, and often require coolants that are ozone-depleting or have a strong 
greenhouse effect.2,3 Therefore, inexpensive, eco-friendly approaches with net cooling capability 
are desirable for reducing energy costs, operation time, and associated ozone-depleting and 
CO2 emissions from traditional cooling systems, or provide relief where electrical cooling is not 
available. One alternative to energy-intensive cooling methods is passive daytime radiative 
cooling (PDRC). PDRC is most effective if a surface has a high, hemispherical solar reflectance 
(𝑅𝑠𝑜𝑙) that minimizes solar heat gain, and a high, hemispherical, LWIR thermal emittance (𝜖𝐿𝑊𝐼𝑅) 
that maximizes radiative heat loss.4 If 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅 are sufficiently high, a net radiative heat 
loss can occur, even under sunlight. The passive nature of this effect makes PDRC highly 
appealing, as cooling occurs without the need for electricity, refrigerants, or mechanical pumps 
that require maintenance.  
Research in recent decades has yielded a variety of PDRC designs comprising sophisticated 
emissive coatings such as photonic structures, dielectrics, polymers and polymer-dielectric 
composites on metal mirrors.5-12 Although efficient, these designs are costly and susceptible to 
corrosion. Furthermore, unlike paints, they are pre-fabricated, and cannot be directly applied to 
existing roofs or walls, which have various compositions, textures and geometries.7,9,10 
Therefore, cool-roof paints (CRPs), which combine a modest optical performance with easy 
applicability and inexpensiveness, remain the benchmark for PDRC,13-16 However, CRPs, which 





low solar reflectance (< 0.94) due to the pigments’ ultraviolet (UV) absorptance (Figure 3.1).14 
Furthermore, the low near-to-short wavelength infrared (NIR-to-SWIR, λ ~0.7-2.5 μm) 
reflectance of the pigments further lower 𝑅𝑠𝑜𝑙 to ~ 0.85 (Figure 3.1).
14 
 
Figure 3.1. 𝑅(𝜆) of a titanium dioxide-based white paint on a black substrate showing the limitations of 
traditional cool-roof paints. Although such paints are very reflective in the visible, they are usually UV 
absorptive due to their use of TiO2. Furthermore, the non-optimized pigment (usually small) sizes mean 
that the long NIR-SWIR wavelengths are not scattered and reflected well. Consequently, the 𝑅𝑠𝑜𝑙 of white 
paints is about 0.8-0.9, which is not enough to prevent heating under strong sunlight. 
The author realized that replacing the pigments in CRPs with light-scattering air voids can not 
only surpass the limitations of paints and increase the optical performance to state-of-the-art 
levels, but also avoid the material, processing and environmental costs associated with 
pigments.15,17 This work, motivated by that idea, reports a simple, scalable and inexpensive 
phase-inversion-based process for fabricating hierarchically porous polymer coatings with 
excellent 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅. Specifically, substrate-independent hemispherical 𝑅𝑠𝑜𝑙 = 0.96 ± 0.03 
and 𝜖𝐿𝑊𝐼𝑅 = 0.97 ± 0.02 was achieved with hierarchically porous poly(vinylidene fluoride-co-





exemplified by a sub-ambient cooling of ~6˚C and an average cooling power of ~96 W m-2 under 
solar intensities of 890 and 750 W m-2, respectively. The performance is on par with or exceeds 
those in previous reports.7,9,10 Because the fabrication technique is room-temperature and 
solution-based, the porous polymer coatings can be applied by conventional approaches like 
painting and spraying to diverse surfaces like plastics, metal and wood. Moreover, it can 
incorporate dyes to achieve a desirable balance between color and cooling performance. The 
performance of the coatings and the paint-like convenience of the technique make it promising 
as a viable way to achieve high-performance PDRC. 
3.2 Intrinsic Optical Properties of Polymers 
Polymers are well-suited for PDRC because they are intrinsically non-absorptive in much of the 
solar wavelengths and intrinsically emissive in the thermal, especially LWIR wavelengths. This 
arises from their chemical bonds, which are not excited by sunlight (except in certain UV 
susceptible polymers), but depending on the type of bond, are excited into vibrational modes by 
specific IR wavelengths. Given the diversity of chemical bonds and their relative arrangements 
in polymers, one can find common polymers that have a variety of optical properties. A few 
examples are presented in Figure 3.2. Poly(ethene), which has C-C and C-H bonds that only 
have a few vibrational modes corresponding to ~3.5, 6.9 and 13.8 μm wavelengths. 
Consequently, it is largely transparent in the IR, particularly the LWIR wavelengths. 
Poly(propene), whose C-H, C-C and C-CH3 bonds have vibrational modes between 7-13 μm, is 
selectively emissive or less transparent in the LWIR and part of the MWIR wavelengths. 
Poly(vinylidene difluoride), whose C-C, C-H and C-F bonds have multiple vibrational modes at 
wavelengths > 7μm, is a strong broadband infrared emitter. Consequently, in sufficient 
thicknesses, typical IR absorptive polymers can exhibit LWIR selective or broadband 𝜖(0°) > 0.9 






Figure 3.2. The transmission spectra of poly(ethene), poly(propene) and poly(vinylidene fluoride) films of 
different thicknesses. The LWIR ATW is highlighted in blue. Evidently, a range of optical behaviors from 
IR-transparent to selectively LWIR emissive to broadband emissive are possible. 
It therefore follows that to make an IR-emissive polymer suitable for PDRC, it only remains to 
make it sufficiently solar reflective. Given that some polymers absorb and are susceptible to UV 
radiation, a polymer that is non-absorptive across all solar wavelengths but emissive in the 
LWIR needs to first be chosen. Examples of such polymers include poly(dimethyl-siloxane) 
(PDMS)12 and fluoropolymers such as P(VdF-HFP). In this work, P(VdF-HFP) is investigated. 
P(VdF-HFP) (Figure 3.3.A) has a negligible extinction coefficient across the solar wavelengths 
(λ = 0.3-2.5 μm) (Figure 3.3.B). This keeps solar heating to a minimum. On the other hand, its 
multiple LWIR extinction peaks corresponding to vibrational modes18-20 allows it to radiate heat 
into space. Since metal-backed polymer sheets are not ideal for use, a film of P(VdF-HFP) can 
be made solar reflective through optical scattering. Ideally, scatterers that do not absorb sunlight 
should be used, and for practicality, the design should have an applicability similar to that of 
paints. This work achieves both, by making the P(VdF-HFP) porous with light scattering air-






Figure 3.3. The optical properties of P(VdF-HFP)HP. (A) A wireframe showing the structure of P(VdF-
HFP), with the VdF and HFP repeating units shown. (B) Experimental complex spectral refractive index (n 
+ iκ) of P(VdF-HFP), showing negligible absorptivity in the solar, and high emissivity in the LWIR 
wavelengths. The peaks in κ correspond to the vibrational modes of different molecular components (e.g. 
CF3, CF2, CF, C-C, CH2, C-H, and carbon backbone).18-20 
3.3 Phase Inversion Technique for Porous Polymers with high 𝑹𝒔𝒐𝒍 and 𝝐𝑳𝑾𝑰𝑹 
To make hierarchically porous poly(vinylidene fluoride-co-hexafluoropropene), phase-inversion, 
a well-known process for making porous polymer filtration membranes, is used. The phase-
inversion-based method starts with the preparation of a precursor solution of P(VdF-HFP) 
(polymer) and water (non-solvent) in acetone (solvent) (Figure 3.4.A). A film of the precursor is 
applied onto a substrate and dried in air. The rapid evaporation of the volatile acetone causes 
the P(VdF-HFP) to phase-separate from the water, which forms micro- and nanodroplets. When 





nano-pores in the coating efficiently backscatter sunlight and enhance thermal emittance 
(Figure 3.4.C). Consequently, P(VdF-HFP)HP films with ~50% porosity and thickness ≳ 300 μm 
have an exceptional, substrate-independent hemispherical 𝑅𝑠𝑜𝑙 of 0.96 and 𝜖𝐿𝑊𝐼𝑅 of 0.97 
(Figure 3.4.D-F). At thicknesses ≳ 500 μm, 𝑅𝑠𝑜𝑙 ≳ 0.98 is achieved (Figure 3.9). The high 
𝑅𝑠𝑜𝑙(𝜃) ensures excellent reflection of sunlight from all incidences (Figure 3.4.E) and eliminates 
the need for silver reflectors used in previous designs 7,9,10, while the high 𝜖𝐿𝑊𝐼𝑅(𝜃) leads to a 
hemispherical 𝜖𝐿𝑊𝐼𝑅 that is > 10% higher than previously reported values (Figure 3.4.F) 
7,9. The 
precursor’s paint-like applicability makes P(VdF-HFP)HP attractive for practical use, but without 







Figure 3.4. The formation and optical properties of P(VdF-HFP)HP. (A) Schematic of the phase inversion 
process, showing the formation of a hierarchically porous polymer coating from a solution of acetone 
(solvent), water (non-solvent) and P(VdF-HFP) (polymer). (B) Micrographs showing top and cross-section 
views of P(VdF-HFP)HP. Inset shows the nanoporous features. (C) Photograph superimposed with 
schematics to show that high 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅 enable a net radiative loss and PDRC. (D) Spectral 
reflectance (𝑅(𝜆, 30°) = 1 − 𝜖(𝜆, 30°)) of a 300 μm thick P(VdF-HFP)HP coating presented against 





(0.96) and 𝜖𝐿𝑊𝐼𝑅 (0.97) are remarkably high, especially since they are achieved on a black selective solar 
absorber (Figure 3.9). 21 (E) P(VdF-HFP)HP’s high 𝑅𝑠𝑜𝑙(𝜃) and F. 𝜖𝐿𝑊𝐼𝑅(𝜃) across angles result in 
excellent hemispherical 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅. 
3.4 Characterizing the Optical Properties of P(VdF-HFP) PDRC coatings 
When structured by the phase-inversion technique into a hierarchical form consisting of ~ 2-10 
μm micropores partitioned by a nanoporous phase (Figures 3.4.B), P(VdF-HFP) exhibits high 
𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅. Pore size measurements indicate that the pore sizes are roughly bimodally 
distributed, with broad distributions centered at ~ 0.2 μm and ~5.5 μm for the nano- and 
micropores respectively (Figure 3.5.A). To investigate the effect the hierarchical porous 
structure has on P(VdF-HFP)HP’s optical properties, Finite-Difference Time-Domain (FDTD) 
simulations were carried out using FDTD Solutions 8.6.1 software by Lumerical. Due to 
computational constraints, two dimensional models were used. For the solar wavelengths (0.35-
2.5 μm), scattering cross-sections of circular voids of different sizes (Figure 3.5.C) in P(VdF-
HFP) were simulated using a total-field scattered-field source. As shown in Figure 3.5.B, due to 
a refractive contrast (Δ𝑛 = 𝑛𝑃(𝑉𝑑𝐹−𝐻𝐹𝑃) − 𝑛𝑎𝑖𝑟 = 1.41 − 1 = 0.41) in the porous polymer, 
microvoids of sizes ~5 μm efficiently scatter sunlight regardless of the wavelength, whereas the 
nanovoids ~0.2 μm in size selectively scatter UV and visible wavelengths. In a sufficiently thick 
P(VdF-HFP)HP layer, both micro- and nano-voids are present in abundance and contribute to the 
reflectance. Consequently, in the absence of any significant intrinsic absorption, the spectral 
reflectance is 𝑅(𝜆) is ≳ 0.95 even at the longer solar wavelengths, and only rises towards the 
blue end of the spectrum (Figure 3.4.D). Furthermore, the unoriented nature of the porous 
structure result in a high, diffuse 𝑅𝑠𝑜𝑙(𝜃) regardless of the angle of incidence (Figure 3.4.E). 
Given the absence of intrinsic absorption in the solar wavelengths, the reflectance is limited only 





indicate that very high reflectances can be achieved if the film thickness if sufficiently high 
(Figures 3.6.D). Figure 3.9 corroborates this experimentally. 
In the LWIR wavelengths (8-13 μm), spectral reflectance 𝑅(𝜆) for light incident at various angles 
from the air above were simulated for semi-infinite solid slabs and hierarchically porous P(VdF-
HFP) coatings. For P(VdF-HFP)HP, which was experimentally measured to be 50% porous, it 
was assumed that both the microporosity and the nanoporosity of the matrix around the 
microvoids were 29.2% (i.e. 1 − √0.5). Since the nanovoids (~50-100 nm size) are much smaller 
than the LWIR wavelengths, the nanoporous phase was represented by a Maxwell-Garnett 
effective medium. The microvoids, on the other hand, were represented by 10 μm circular voids 
randomly dispersed in the nanoporous phase. Lastly, to mimic the open, porous surface of the 
P(VdF-HFP)HP, the surface features were represented by exclusions of randomly varying sizes 
~10 μm on the top surface (Figure 3.5.F).  
As evident from Figure 3.5.D, the simulated spectral emittance 𝜖(𝜆, 0°) = 1 − 𝑅(𝜆, 0°) of the 
modelled P(VdF-HFP)HP is higher than that of the solid P(VdF-HFP) slab. This indicates that the 
open, porous surface and the effective medium behavior of the nanoporous phase leads to a 
gradual refractive index transition across the polymer-air interface in the LWIR wavelengths. 
This reduces the surface reflectance and results in a high 𝜖(𝜆). The effective medium behavior 
also lowers the refractive index contrast between the nanoporous phase and the microvoids, 
reducing any backscattering from the microvoids that might raise 𝑅(𝜆) and lower 𝜖(𝜆). Overall, 
the two effects result in a consistently higher 𝜖(𝜆, 0°) for P(VdF-HFP)HP compared to a solid 
slab. As shown in Figure 3.5.E, this also leads to a higher 𝜖𝐿𝑊𝐼𝑅(𝜃) for 0˚ to 80˚ angles of 
emission for P(VdF-HFP)HP, allowing it to exhibit a high hemispherical 𝜖𝐿𝑊𝐼𝑅. The emittance is 
also likely enhanced across the LWIR window by the broadening of the extinction peaks (Figure 





nanoporous polymer.22-24 Collectively, these effects result in an almost blackbody-like emittance 
in the LWIR. 
 
Figure 3.5. (A) Size distributions of nano and micropores in P(VdF-HFP)HP, showing number-weighted 
mean pore sizes of ~ 0.2 μm for nanopores and ~5.5 μm for micropores. (B) Simulated scattering cross-
section spectra of circular micro- and nano-voids in P(VdF-HFP)HP. Voids of different sizes collectively 
scatter all solar wavelengths, resulting in a high 𝑅𝑠𝑜𝑙. (C) Schematic of the 2-dimensional nanovoids and 
microvoids used for simulations in B. (D) 𝜖(𝜆) and (E) 𝜖𝐿𝑊𝐼𝑅(𝜃) of P(VdF-HFP)HP compared to a solid 
PVDF slab of the same volume. As evident, the former has a higher spectral and angular emittance. (F) 








Figure 3.6. (A) Spectral transmittance of different thicknesses of P(VdF-HFP)HP sheets. Solar 
transmittances are stated in the legend. As expected, transmittance drops with increasing thickness for 
the solar wavelengths, and at thicknesses beyond 187 μm, the LWIR transmittance becomes negligible. 
(B) Graph of experimentally derived 𝑃(𝜇)/𝜇 vs 𝜇 for a sample with thickness 360 μm. (C) Calculated 
extrapolation length ratio 𝑧𝑒 and mean-free path 𝑙𝑓 for 𝜆 = 0.42-1.1 μm. (D) Measured and predicted 
values (corresponding to 𝑧𝑒~ 0.55 and 𝑙𝑓~ 8.2 μm) of 𝑇(𝜆 = 720 𝑛𝑚). Shaded region indicates the upper 
and lower bounds (corresponding to 𝑙𝑓~ 13.3 μm and 3.7 μm) of the predicted transmittance arising from 






3.5 Effect of Fabrication Parameters on the Optical Performance of P(VdF-HFP)HP 
3.5.1 Effect of Polymer: Nonsolvent ratio during Phase Inversion 
The morphology of phase-inverted porous polymers depends on several factors, such as 
polymer : solvent : nonsolvent ratio in the precursor, type of solvent or nonsolvent, and the rate 
of decrease in solvent concentration.25,26 These factors have been widely used to control the 
morphology for desalination membranes.26 In this investigation, a P(VdF-HFP) : Acetone : Water 
ratio of 1:8:1 was typically used, but to see the effect of precursor composition on morphology, 
the polymer : nonsolvent ratio was varied. Figure 3.7 shows representative SEM micrographs 
and pore size measurements. As shown, the nanopore size distributions (Figures 3.7.B, E and 
H) show no discernible trend even though the amount of water changes by 50% relative to the 
amount of P(VdF-HFP). However, it is clear from the SEM images in Figures 3.7.A, D and G, 
that a P(VdF-HFP) : Water ratio of 1:1.25 produces much smaller pores compared to 1:1 and 
1:0.75 ratios. This is reflected in the micropore size distributions, which are similar for ratios of 
1:0.75 and 1:1 (Figures 3.7.C and F, showing mean pore sizes of ~5.8 and ~5.5 μm 
respectively), but show a downward shift for a ratio of 1:1.25 (Figure 3.7.I, showing a mean pore 






Figure 3.7. (A) SEM image, (B) nanopore size distribution and (C) micropore size distribution for P(VdF-
HFP):Water ratio of 1:0.75. (D-F). Corresponding data for a 1:1 ratio and (G-I). for a 1:1.25 ratio. 
Although the results in Figure 3.7 suggests that the morphology of P(VdF-HFP)HP is tunable by 
changing the composition of the precursor solution, optical measurements of samples made 
with the above P(VdF-HFP):Water ratios show that 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅 does not change significantly 
even though the amount of water relative to P(VdF-HFP) changes by 50% (Figure 3.8). From an 
optical perspective, this is expected, as the tested P(VdF-HFP):Water ratios all yield a wide 








scatter all solar wavelengths efficiently. However, it also shows that the phase-inversion 
technique can be a robust manufacturing method, as it yields high optical performance without 
much finesse. 
 
Figure 3.8. Solar reflectances and thermal emittances of P(VdF-HFP)HP samples made using different 
P(VdF-HFP):Water ratios. Error bars indicate the uncertainty in measurements. Evidently, the 
performance shows no significant changes even though the amount of water is changed by 50% relative 
to the amount of P(VdF-HFP). 
3.5.2 Effect of Coating Thickness 
Figure 3.9 shows measured 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅 of the P(VdF-HFP)HP coatings as a function of the 
thickness. Evidently, a 90 μm thickness is sufficient to yield a high 𝜖𝐿𝑊𝐼𝑅 > 0.95, beyond which 
the emittance varies little. This suggests that even for small thicknesses, the porous structure of 
the P(VdF-HFP)HP is enough to augment the intrinsic emittance of the P(VdF-HFP) to a high 
value. This likely arises from the strong intrinsic LWIR absorptance of P(VdF-HFP), and the 
increase in optical path length of emitted radiation within the coating due to scattering. Solar 
reflectance, meanwhile has a more pronounced trend, with a thickness of ~300 μm needed for 
𝑅𝑠𝑜𝑙 to exceed 0.95, and ~480 μm needed to reach 0.98. The increase in solar reflectance with 





absorptive, porous polymer layer. As thickness increases even further (e.g. to ~800 μm), the 
reflectance approaches 1.00. This is expected, as the reflectance depends solely on the degree 
of scattering. 
 
Figure 3.9. Variation of 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅 of the P(VdF-HFP)HP coatings with thickness. Error bars indicate 
the uncertainty in 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅 due to errors associated with integrating sphere measurements and 
sample-to-sample variation. The measurements were taken at a 30˚ angle of incidence. 
Notably, the above performances are achieved on a selective solar absorber (𝑅𝑠𝑜𝑙  ~0.1 and 
𝜖𝐿𝑊𝐼𝑅 ~0.05) described in the last chapter, which the optical opposite of a PDRC coating. Other 
surfaces, such as metals and typical black or white coatings have one or both of 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅 
favorable for PDRC. Therefore, the values in Figure 3.9 represent a lower bound of 
performance with respect to the choice of substrate, making the performance substrate-
independent in this sense. It is also noteworthy that due to the ~50% porosity of P(VdF-HFP)HP 
coatings, all the thicknesses stated here are effectively half of the measured value with respect 
to the amount of material. Furthermore, the measured thicknesses themselves are considerably 
less than those of high-performance cool roof coatings, which often need to be close to 1 mm in 





performances (𝑅𝑠𝑜𝑙 > 0.95 and 𝜖𝐿𝑊𝐼𝑅 > 0.6) with thinner films, they are sophisticated and rely on 
silver to reflect sunlight. Additionally, the large thicknesses required for durable rooftop coatings 
make thin designs unessential. 
3.6 Passive Daytime Radiative Cooling Demonstrations with P(VdF-HFP)HP 
The high 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅 allow P(VdF-HFP)HP coatings to achieve remarkable daytime sub-
ambient cooling. Demonstrations of the cooling performance of the P(VdF-HFP)HP coatings 
were carried out under clear skies in Phoenix, Arizona on March 03, 2018 over a 30-minute 
period and New York, USA on March 31, 2018 over a 1.5-hour period. Since 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 is entirely 
dependent on radiative heat transfer (Eq. 13), it was measured as the power required to 
balance the radiative heat loss from the coatings and keep them at the ambient temperature 
(and make convective and conductive heat transfer much smaller than the radiative losses) 
under an open sky. Sub-ambient PDRC performance was also measured in Phoenix and New 
York on the same respective days. An additional measurement of sub-ambient PDRC 
performance was taken under foggy skies in Chattogram, Bangladesh, on January 10, 2018. 
Location and meteorological data are provided in Figure 3.10 and Table 3.1. 
Figure 3.10.A shows the setup used in Phoenix. As shown, the author opted to completely 
expose the P(VdF-HFP)HP coatings to the ambient air. This was done because firstly, encasing 
the P(VdF-HFP)HP in a convection shielding box can set up temperatures and microclimates that 
differ from that of the ambient air. Secondly, materials typically used for convection shield also 
block the passage of sunlight and thermal radiation by optical interference or by absorption (for 
example, poly(ethene) films which are commonly used, absorb ultraviolet light and some 
infrared wavelengths). An exposed configuration would thus yield a truer value for 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔. An 
aluminum foil-coated cardboard box was used as a radiation shield around the P(VdF-HFP)HP 





view. In New York and Chattogram, the experiment was done on open rooftops with no tall 
objects nearby, making the radiation shield unnecessary. 
 
Figure 3.10. Passive daytime radiative cooling performance of P(VdF-HFP)HP. (A) Schematic of the setup 
for testing performance under sunlight. (B) Brief topographic and meteorological information of the test 





coatings in New York, Phoenix and Chattogram. (D) Average 𝐼𝑠𝑜𝑙 and cooling power (𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔) of P(VdF-
HFP)HP coatings measured in New York and Phoenix. (E) Detailed 𝐼𝑠𝑜𝑙 and (F) sub-ambient temperature 
data obtained in Phoenix. (G) Detailed 𝐼𝑠𝑜𝑙, (H) temperature tracking and (I) 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 data obtained in 
Phoenix. Dotted line in (I) indicates average 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 over the duration of the experiment. (J) Detailed 𝐼𝑠𝑜𝑙 
and (K) sub-ambient temperature data obtained in New York. (L) Detailed 𝐼𝑠𝑜𝑙, (M) temperature tracking 
and (N) 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 data obtained in New York. Dotted line in (N) indicates average 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 over the duration 
of the experiment. (O) Detailed 𝐼𝑠𝑜𝑙, (P) relative humidity and (Q) sub-ambient temperature data obtained 
in Chattogram, Bangladesh. 
For the cooling power tests, the P(VdF-HFP)HP sample consisted of a ~ 15 cm x 15 cm x 300-
μm P(VdF-HFP)HP coating on a 15 cm x 15 cm x 1-mm thick copper sheet. The other face of the 
copper sheet was attached to a 15 cm x 15 cm heating strip atop a 15 cm x 15 cm x 5 cm 
Styrofoam block and connected to a computer-controlled voltage supply. Two thermocouples 
were placed between the P(VdF-HFP)HP coating and the copper sheet to measure the coating’s 
temperature. Thermocouples were also placed around the sample to measure the ambient 
temperature. The ensemble was then placed in the radiation shielding box and left outdoors (on 
a field in Phoenix and on rooftops in New York and Chattogram), with the temperature of the air 
and the P(VdF-HFP)HP coating fed into a feedback-control program that adjusted the voltage 
supplied to the heater to maintain the coating at ambient temperature. A pyranometer (Apogee, 
SP 510) connected to the computer was used to simultaneously measure the hemispherical 𝐼𝑠𝑜𝑙. 
For the sub-ambient PDRC demonstration, the heater was switched off, and the temperatures of 
the air, the P(VdF-HFP)HP coating and 𝐼𝑠𝑜𝑙 recorded over a period of time. The measured solar 
intensities, cooling powers and sub-ambient temperatures are presented in Figure 3.10.C-Q. 
As shown in Figures 3.10.F, H, K, M and Q, the temperature of the air fluctuated considerably 
during the measurements, often by as much as 3-4˚C within the span of a minute. The 





of small pieces of paper released into the wind) that bring about local changes in ambient 
temperature. Nonetheless, for 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 measurements, the temperature of the P(VdF-HFP)HP 
coating closely followed that of the air (Figures 3.10.H and M). Given the close match between 
the coating and air temperature, convective heat transfer is small compared to the radiative 
loss, making the measurement of 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 over the duration of the experiments (Figures 3.10.I 
and N, average values 83 W m-2 for New York and 96 W m-2 for Phoenix) reliably accurate. 
The measured cooling powers are consistent with 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 predicted by simplified MODTRAN 6 
infrared radiance models of the sky and the assumption that 𝑅𝑠𝑜𝑙 = 0.96 ± 0.02 and 𝜖𝐿𝑊𝐼𝑅 =
0.97 for the P(VdF-HFP)HP coatings used. As shown in Table 3.1, 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 was predicted at 69 ±
18 W m-2 in New York and 95 ± 15 W m-2 in Phoenix for the tests. Since 𝐼𝑠𝑜𝑙 was moderately 
high during the tests, the uncertainty of ± 0.02 in 𝑅𝑠𝑜𝑙 alone accounts for the difference between 
the measured and predicted 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 values. Therefore, even without considering uncertainties 
in the estimated thermal emission (Chapter 1.5), the measured and predicted 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 values for 













Table 3.1. Estimated cooling powers of the P(VdF-HFP)HP coatings during the tests in Phoenix and New 
York. 
Location Parameters 









▪ Midlatitude, arid, Summer. 
▪ Location: 33.3837˚N, 112.0528˚W 
▪ Elevation: 349 m 
▪ Time: 2018-03-03, 15:00 local time 
▪ Air temperature ~26.5˚C 
▪ Total precipitable water ~7 mm 28 
▪ Sky Clear, Visibility 16.1 km 29  
▪ Isolar ~743 W m-2 (direct normal 
~1085 W m-2, diffuse ~69 W m-2). 
▪ Wind: Periodic, 1-2 m s-1. 
 
 




▪ Midlatitude, coastal. Winter. 
▪ 40.8905˚N, 73.9106˚W 
▪ Elevation 85 m 
▪ Time: 2018-03-31, 13:30 local time 
▪ Air temperature ~14.5˚C 
▪ Total precipitable water ~5 mm 28 
▪ Sky Clear, Visibility 16.1 km 29 
▪ Isolar ~901 W m-2 (direct normal 
~1017 W m-2, diffuse ~67 W m-2). 
▪ Wind: Periodic, 1-3 m s-1. 
 
 
69 ± 18 
 
The sub-ambient cooling performance of P(VdF-HFP)HP coatings are presented in Figures 
3.10.E-F, J-K and O-Q. When the P(VdF-HFP)HP coatings were not actively heated, they 
exhibited remarkable sub-ambient temperatures even without the use of convection shields. A 
drop 𝛥𝑇 of ~6˚C was observed in the warm, arid conditions of Phoenix (Figures 3.10.E-F), while 
a 𝛥𝑇 ~5˚C was seen in a cold afternoon in New York (Figures 3.10.J-K). Remarkably, even 
under a foggy and hazy winter sky in the tropical and coastal region of Chattogram (22.3612˚N, 
91.8371˚E, Elevation: 56 m, Date: 2018-01-10, 12:30, Air temperature ~24˚ C, Visibility 3.2 km, 





ambient temperature drops can be even greater than the ones demonstrated here, for instance, 
in hotter, drier weathers, or under weaker sunlight (Eq. 1.13). The sub-ambient cooling 
performances under a wide variety of conditions and without any convection shields highlights 
the superb PDRC capability of the P(VdF-HFP)HP coatings, and makes them attractive for use. 
The remarkably high cooling powers and sub-ambient temperature drops in different weather 
conditions indicate P(VdF-HFP)HP’s potential to reduce air-conditioning costs in buildings, or in 
developing countries where electrical cooling is not readily available, bring relief by lowering 
temperatures. The author does not directly compare the performance to earlier results, as the 
measurements depend heavily on experimental design, geography, and meteorological 
variables.31-33 Nevertheless, the high performance without convection shields in different 
climates indicate that P(VdF-HFP)HP’s PDRC capability is better or on par with high-
performance PDRC results in the literature.7,9,10 
3.7 Practical Issues 
3.7.1 Applicability and Recyclability 
The excellent optical performance of P(VdF-HFP)HP is complemented by a paint-like 
applicability, which arises from the solution-based phase-inversion process and is crucial for 
direct application on structures. P(VdF-HFP)HP can be painted, dip-coated and sprayed onto 
diverse substrates like metal, plastics and wood (Figure 3.11.A-C). The coating adheres 
particularly well to rough surfaces such as concrete and fabric. For substrates which do not 
adhere well to P(VdF-HFP), ordinary paint varnishes, can be applied as an adhesive interlayer 
or basecoat. P(VdF-HFP)HP can also be made into freestanding sheets (Figure 3.11.D), which 






Figure 3.11. Versatility of P(VdF-HFP)HP coatings. P(VdF-HFP)HP can be (A) painted onto plastics (B) 
spray-coated on copper (C) dip-coated on wood and (D) made into strong, flexible and freestanding 
sheets for tarpaulin-like designs. (E) Stress-strain curve for a 200 μm thick P(VdF-HFP)HP sheet. The 
breaking stress of 6.6 MPa corresponds to the weight of a 630 m long sheet of the same width and 
thickness. Inset shows a free-standing P(VdF-HFP)HP sheet of 72 mm width and 200 μm thickness 
supporting a copper block weighing 1.77 kg. As indicated by the measurements, the mechanical strength 
of the P(VdF-HFP)HP is clearly suitable for tarpaulin-like designs. 
The all-polymer composition of P(VdF-HFP)HP also makes it recyclable (Figure 3.12). P(VdF-
HFP) is chemically inert to most chemicals found in everyday environments, so any dirtying of 
P(VdF-HFP)HP is usually physical in nature. Consequently, dirty, free-standing P(VdF-HFP)HP 
sheets or coatings separated from substrates can be easily recycled by re-dissolving the sheets 
in a P(VdF-HFP)-acetone-water precursor solution, letting any dirt settle, and making pristine 
coatings from the clear solution on top. This promising recyclability is an added benefit to its 






Figure 3.12. The recyclability of P(VdF-HFP)HP coatings, from dirty freestanding sheets to a fresh coating 
on a copper block.  
3.7.2 Aging / Exposure Tests and Hydrophobicity of P(VdF-HFP) 
For use as an exterior paint, it is crucial for P(VdF-HFP)HP to retain its optical performance even 
after prolonged exposure to weather. Like many fluoropolymers, P(VdF-HFP) is intrinsically 
resistant to weathering, fouling and ultraviolet radiation,23,34 and when made porous, it 
hydrophobically repels waterborne dirt, as evidenced by basic contact angle measurements 
(Figure 3.13). These properties allow P(VdF-HFP)HP coatings to retain their optical properties 
during accelerated aging and exposure tests. During this investigation, several different stability 
tests were conducted on pieces of P(VdF-HFP)HP coatings on plastic. Prior to the tests, samples 
were cut in half, with one set of halves kept in a cool, dry environment. After the tests, they were 
used as references for comparison with the tested samples.  
Accelerated thermal aging tests were done by placing one set of ‘half-samples’ in an open glass 
bottle inside an oven at 80˚C for 14 days. An analogous thermal aging test was also done in 
moist conditions with 100% relative humidity in a closed chamber, with samples observed to be 
wet during the test. After the tests, samples were taken out and had their reflectances compared 






Figure 3.13. (A). Photograph of a dyed water droplet on a P(VdF-HFP)HP coating. (B) Contact angle for 
the droplet – the average value is 110˚. 
Table 3.2. Results of the aging and exposure tests carried out on P(VdF-HFP)HP coatings.  
Test Description 
𝑹𝒔𝒐𝒍 / 𝝐𝑳𝑾𝑰𝑹 
Before After 
Accelerated thermal 
and wet aging tests 
80˚C in air, for 14 days. 0.95/0.96 0.95/0.96 
80˚C in a chamber containing water at 100% 
relative humidity, for 14 days. 
0.96/0.95 0.93/0.96 
Monthlong exposure 
test under the sky in 
New York 
Location: 40.8101˚ N, 73.9434˚ W.  
Date: 19 November – 18 December, 2017. 
Average Temperature ~5˚C, average relative 
humidity ~65%, occasional rain and light snow. 
0.94/0.93 0.93/0.93 
Location: 40.8093˚ N, 73.9535˚ W.  
Date: 09 August – 17 August, 2018. Average 
Temperature ~25˚C, average relative humidity 
~75%, occasional rain. 
0.996/0.97 0.993/0.98 
 
To test the effect of prolonged operation in practical conditions, an exposure test under the sky 
was carried out in New York (40.8101˚ N, 73.9434˚ W). ‘Half-samples’ were left close to busy 





compared to those of their respective pristine halves. An additional 8-day test on thick samples 
with high 𝑅𝑠𝑜𝑙 and high 𝜖𝐿𝑊𝐼𝑅 was also carried out during the summer. 
Results of the stability tests are presented in Table 3.2. As shown, accelerated thermal aging 
under dry and watery conditions has little effect on the optical performance of the coatings. 
Moreover, coatings exposed to the sky in New York, both for a month during the winter and for 8 
days during the summer, stay essentially unchanged. The results are promising, and indicate 
the durability of P(VdF-HFP)HP under different operating conditions. 
3.7.3 Compatibility with Colors 
While a perfectly solar reflective or white coating is ideal for PDRC, to account for human tastes, 
it is often more desirable to have colored coatings which, although less reflective than white 
ones, maximize their cooling capability. While solid-state PDRC designs have not considered 
this until recently, the paint industry has tried to solve the problem for decades. To minimize 
solar heating, colored PDRC coatings should maximize the reflection of NIR-to-SWIR 
wavelengths (0.7-2.5 μm), which contain ~53% of solar energy but are invisible to the human 
eye and do not contribute to color. However, paints typically have low 𝑅𝑁𝐼𝑅−𝑆𝑊𝐼𝑅, because the 
reflective pigments are usually too small to effectively scatter NIR-to-SWIR wavelengths (Figure 
3.1, 3.15). 14,35  
To make colored P(VdF-HFP)HP coatings with a high 𝑅𝑁𝐼𝑅−𝑆𝑊𝐼𝑅, the author added dyes with 
selective absorptivity in the visible wavelengths and transmissivity in the NIR-to-SWIR 
wavelengths into the precursor solution and made films. This was based on the conjecture that 
such dyes, so long as they do not significantly impact the porous structure of P(VdF-HFP)HP, 
would absorb the intended visible wavelengths to provide color, while the porous P(VdF-HFP)HP 
would reflect all other wavelengths, including the NIR-to-SWIR. It was found that Brilliant Blue 





HFP)HP coatings containing those dyes and with thickness ~350 μm showed corresponding 
blue, yellow and black colors with high 𝑅𝑁𝐼𝑅−𝑆𝑊𝐼𝑅 of 0.73, 0.89 and 0.62 respectively (Figures 
3.14.A-C). The values were obtained with black substrates, but exceed reflectances of thin films 
(~25 μm) of similarly colored ‘IR-reflective’ pigments on reflective substrates (Figures 3.14.B-C), 
and of the same pigments on black substrates by a large margin.35,36 Dyed P(VdF-HFP)HP 
coatings may thus address the longstanding problem of achieving PDRC with colored coatings, 
greatly widening their scope of use. 
 
Figure 3.14. (A). Spectral reflectances of ~350 μm thick blue and yellow P(VdF-HFP)HP coatings and (B). 
of a black P(VdF-HFP)HP coating compared to a commercial black pigment on reflective and black 
substrates. (C) Despite being on black substrates, their 𝑅𝑁𝐼𝑅−𝑆𝑊𝐼𝑅 surpasses those of similarly colored 
‘IR-reflective’ pigments (~25 μm thick films) on both black and reflective substrates. 
3.7.4 Comparison with a Commercial White Paint 
Figure 3.15.A shows the spectral reflectances of a P(VdF-HFP)HP coating with thickness ~300 
μm (effectively ~150 μm with respect to the amount of materials, accounting for the ~50% 
porosity of the coatings) and a TiO2-based commercial white paint (Sherwin Williams, 636613 





As shown, the TiO2-based paint shows a sharp drop in reflectance for bluer wavelengths < 0.45 
μm due to the intrinsic absorption of the TiO2. Crucially, the reflectance drops to ~0.2 in the UV, 
which contains about 6% of sunlight. This, and the low reflectance for 𝜆< 0.45 μm. implies that 
TiO2-based paints have a theoretical maximum of ~0.94 for 𝑅𝑠𝑜𝑙. The reflectance of the TiO2-
based paint also drops in the longer, NIR-to-SWIR wavelengths (0.7-2.5 μm), likely because the 
TiO2 particles in the paint are too small to effectively scatter such wavelengths. In contrast, the 
P(VdF-HFP)HP coating has very little absorption in the ultraviolet to blue wavelengths, and the 
presence of both small (~0.2 μm) and large (~5 μm) pores in it means all solar wavelengths are 
efficiently scattered to result in a high 𝑅𝑠𝑜𝑙 (0.96 in this case, as opposed to 0.86 for the TiO2-
based paint, and ~ 0.99 as opposed to the theoretical maximum of ~ 0.94 for TiO2-based 
paints).  
 
Figure 3.15. Reflectance spectra across the solar wavelengths of (A) a P(VdF-HFP)HP coating (thickness 
~300 μm, effectively ~150 μm accounting for the porosity), and of a TiO2-based commercial white paint 
(Sherwin Williams, 636613 High Reflective White, thickness 150 μm). (B) Analogues that were dyed blue. 





A similar result is seen for variant dyed with Brilliant Blue FCF (Figure 3.15.B), where a blue 
P(VdF-HFP)HP coating (thickness 150 μm, effectively ~75 μm) shows a higher 𝑅𝑁𝐼𝑅−𝑆𝑊𝐼𝑅 (0.67) 
than a 80 μm thick TiO2-based paint coating (0.54) colored with the same dye. In fact, P(VdF-
HFP)HP appears to yield a more vivid color, with a higher reflectance in the blue and higher 
absorptance in the red wavelengths observed relative to the TiO2-based paint. 
3.8 The Potential of Phase inversion as a Generic Technique for Making Porous Polymer 
PDRC Coatings 
 
Figure 3.16. From left to right – samples of structured poly(vinylidene fluoride), poly(methyl 
methacrylate), poly(styrene), ethyl cellulose and cellulose acetate made by phase inversion on Black foil. 
While this work demonstrates P(VdF-HFP)-Acetone-Water as one polymer-solvent-nonsolvent 
system for making PDRC coatings, the phase-inversion based-technique is in fact a generic 
method for making hierarchical porous polymer coatings with a variety of polymers, solvents 
and nonsolvents. As a demonstration, coatings made from five additional polymers are shown in 
Figure 3.16. The choice of these systems is deliberate, and shows that any capability could be 
incorporated into a structured polymer PDRC coating if a phase-invertible and optically suitable 
polymer with the required attribute is available. The PVdF-Acetone-Water and PMMA-Acetone-
Water systems are chosen because variants of the polymers are widely used in the paint 
industry, and because they yield matte and glossy coatings respectively. The poly(styrene)-
tetrahydrofuran-water system is chosen because of poly(styrene)’s suitability for high-
temperature (> 200˚C) PDRC coatings. The ethyl cellulose-ethanol-water system is chosen to 





show a completely biocompatible and biodegradable variant, and the cellulose acetate-acetone-
water system is chosen to show the compatibility of bioplastics with the technique. 
The author notes in conclusion that despite the remarkably high PDRC capability of P(VdF-
HFP)HP, there remains further opportunities for improvement. A crucial advance would be to 
create porous polymers using a primarily aqueous, bio-compatible technique. Another would be 
to optimize the porous structure for any given polymer to maximize its 𝑅𝑠𝑜𝑙 with minimum 
coating thickness (preferably ~ 200 μm) and therefore save material costs. The latter, given how 
well phase-inversion has been explored, is likely to be achieved in the near-future. The author 
hopes that this work will lead to such improvements which could make porous polymers a better 
alternative to paints. 
3.9 Materials and Methods 
Making the hierarchically porous poly(vinylidene-co-hexafluoropropene) P(VdF-HFP) coatings: 
P(VdF-HFP) (Kynar Flex 2801) from Arkema was first dissolved in acetone, and then had water 
added to make a P(VdF-HFP)-acetone-water precursor solution with a 1:8:1 mass ratio. The 
precursor solution was then painted, spray-coated, drop-cast or dip-cast onto different 
substrates to achieve the desired coating thicknesses. Freestanding sheets were obtained by 
peeling the coatings off smooth surfaces (e.g. Al foil). 
Addition of color: to add color to the white P(VdF-HFP)HP coatings, food colors (Brilliant Blue 
and Yellow 5) were added to the 1:8:1 precursor solution in different ratios to get blue, yellow 
and black coatings. Spectral reflectances of drop-cast coatings of the solutions on black 
substrates were then measured to demonstrate their high NIR-to-SWIR reflectance. 
Optical characterization: Spectral reflectance of the P(VdF-HFP)HP coatings was determined 
separately in the ultraviolet (0.35-0.41 μm), visible to near-infrared (0.41-1.05 μm) and near-





taken using a Fourier-transform-based Spectrometer (Vertex 80, Bruker) equipped with a Xenon 
plasma light source (Energetiq eq-99) and an integrating sphere (Model IS200, Thorlabs). For 
the second range, measurements were taken with the same integrating sphere, and at specific 
wavelengths from a high-power supercontinuum laser (SuperK Extreme, NKT Photonics) 
coupled to a tunable filter (Fianium LLTF contrast). For the third range, a Fourier Transform 
Infrared (FT-IR) spectrometer (Vertex 70v, Bruker) and a gold integrating sphere (Model 4P-
GPS-020-SL, Labsphere), along with a mercury cadmium telluride detector were similarly used. 
For the 0.35-1 μm wavelengths, a pristine, calibrated diffuse reflector (Item SM05CP2C, 
Thorlabs) was used as a reference, while for larger wavelengths, gold-coated Al foils were used. 
Angular measurements were taken with the P(VdF-HFP)HP samples placed inside the 
integrating spheres at different angles to intercept the incident light. Additional measurements of 
reflectance between 0.3-0.4 μm and 14-19 μm were taken using similar setups. Specular 
reflectance measurements from 5-25 μm was taken using the ellipsometer described below. 
The reflectance spectra were patched, and 𝑅𝑠𝑜𝑙 and 𝜖𝐿𝑊𝐼𝑅 calculated from the patches. 
Transmission spectra were likewise measured, with the samples placed at the mouth of the 
integrating sphere. 
Refractive index measurements: refractive index measurements were taken for solid blocks of 
P(VdF-HFP) using J.W. Woollam V-VASE and IR-VASE ellipsometers.  
Imaging and microscopy: Images of the P(VdF-HFP)HP samples were taken using Nikon D3300 
(visible) and FLIR T640 (LWIR) cameras. Scanning electron microscopy was done using a 
Zeiss Sigma VP scanning electron microscope (SEM). 
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Chapter 4. Porous Polymers with Switchable Transmittance for Optical and Thermal 
Regulation 
4.1 Background and Summary 
Porous polymer coatings (PPCs), which vary in their intrinsic optical properties and morphology, 
have recently gained prominence as a platform for optical and thermal management. For 
instance, solar-reflective and thermally emissive PPCs have been demonstrated as efficient 
radiative coolers.1,2 Solar-reflective but thermally transparent PPCs, meanwhile, have been 
used as covers in devices with tuneable IR emittances or for radiative cooling.3-5 However, such 
PPCs are themselves optically static, which limits their use in radiatively dynamic environments 
(e.g. radiative coolers are desirable during summers, but not winters). If PPCs are made 
optically dynamic, they can be used for a much wider range of applications, such as tunable 
solar heating or radiative cooling of buildings, modulating light transmission through windows, 
and camouflage. 
This work demonstrates that such optical dynamicity can be achieved by reversibly wetting 
PPCs with fluids like alcohol or water. For instance, white poly(vinylidene fluoride-co-
hexafluoropropene) (P(VdF-HFP)) PPCs turn transparent upon wetting with refractive index-
matched fluids like isopropanol (Figure 4.1.A-B), showing large diffuse transmittance (𝜏) 
changes in the solar (Δ𝜏𝑠𝑜𝑙~0.74) and visible (Δ𝜏𝑣𝑖𝑠~0.80) wavelengths (Figure 4.1.C). Similar 
phenomena are observed for Ethyl-cellulose and PE PPCs. Furthermore, thermally transparent 
poly(ethene) (PE) PPCs show a decrease in infrared (IR), specifically long-wavelength infrared 
(LWIR, 𝜆 ~ 8 − 13 𝜇𝑚) transmittance (𝜏𝐿𝑊𝐼𝑅) when wetted with IR-emissive/absorptive alcohols 
(Figure 4.1.D-E). The contrasting Δ𝜏𝐿𝑊𝐼𝑅~ − 0.64 and Δ𝜏𝑠𝑜𝑙~0.33 for PE PPCs represent an 
icehouse (low 𝜏𝑠𝑜𝑙, high 𝜏𝐿𝑊𝐼𝑅) to greenhouse (high 𝜏𝑠𝑜𝑙, low 𝜏𝐿𝑊𝐼𝑅) transition (Figure 4.1.F). It is 





and essentially unchanged performance after 100 wet-dry cycles. Promisingly, these 
performances are obtained with relative simplicity and inexpensiveness, making PPCs with 
fluid-mediated optical switching a scalable and eco-friendly paradigm for diverse applications, 
such as controlling daylight in buildings, tunable solar heating and radiative cooling, and thermal 
camouflage. 
 
Figure 4.1. Optical switching of PPCs. (A) White to transparent switching of PPCs, exemplified by a 
porous P(VdF-HFP)-air/isopropanol system. (B) Photograph of the system. (C) Spectral hemispherical 
transmittance of the wet and dry states, corresponding to a Δ𝜏𝑠𝑜𝑙~0.74 and Δ𝜏𝑣𝑖𝑠~ 0.80. (D) Icehouse to 
greenhouse switching of PPCs, exemplified by a PE-air/alcohol system. (E) LWIR thermographs of PE 
PPCs when dry and wet with alcohol. (F) Spectral hemispherical transmittance of the wet and dry states 





4.2 Mechanisms of Optical Switching 
The optical switching of PPCs arises from a change in the refractive index (𝑛) contrast (Δ𝑛 =
𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟 − 𝑛𝑝𝑜𝑟𝑒𝑠) across the polymer-pore boundaries when the air in the pores is replaced by 
liquid. Depending on the fluid and the wavelength (𝜆) of light, the wetting causes a transition 
from reflective to transmissive, or transmissive to absorptive/emissive states. For solar 
wavelengths (𝜆~0.35 − 2.5 𝜇𝑚), this is exemplified by the P(VdF-HFP)-air/isopropanol system. 
Hierarchically porous P(VdF-HFP) contains nano- and micropores with sizes between ~0.1 and 
~10 μm (Figure 4.2.A).1 In its dry state, a large Δ𝑛 (= 𝑛𝑃(𝑉𝑑𝐹−𝐻𝐹𝑃) − 𝑛𝑎𝑖𝑟 = 1.40 − 1 = 0.40) 
exists across the polymer-pore boundaries, causing the voids to efficiently scatter solar 
wavelengths and yield a bright white appearance (Figure 4.1.B). Spectral reflectance shows that 
shorter, visible wavelengths are particularly well-reflected (Figure 4.1.C). This is corroborated by 
finite-difference-time-domain (FDTD) simulations, which show that large voids with sizes ~ 10 
μm scatter all solar wavelengths, while smaller voids ~ 0.1 μm scatter shorter wavelengths 
better (Figure 4.2.C). However, when the pores are wetted with isopropanol (n ~ 1.38), a drastic 
reduction in Δ𝑛 (= 𝑛𝑃(𝑉𝑑𝐹−𝐻𝐹𝑃) − 𝑛𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑎𝑛𝑜𝑙 = 1.40 − 1.38 = 0.02) causes the scattering 
efficiency of the pores to drop by one or more orders of magnitude (Figure 4.2.C). 
Consequently, solar transmittance 𝜏𝑠𝑜𝑙 and visible transmittance 𝜏𝑣𝑖𝑠 rises from 0.20 to 0.94 
(Δ𝜏𝑠𝑜𝑙~0.74) and 0.13 to 0.93 (Δ𝜏𝑣𝑖𝑠~0.80), respectively (Figure 4.1.B). Angular measurements 
appear to show that while the dry state has a highly diffuse, almost Lambertian transmittance, 
the wet state’s transmittance is primarily ballistic (Figure 4.2.D, upper panel), which manifests in 
the transparent appearance of thin (< 100 μm), wet porous P(VdF-HFP) films (Figure 4.1.B). 
Thicker, wet films are more translucent, indicating that diffuse transmittance is significant. 
Translucency also increases with Δ𝑛 of the wet state. E.g. In PE-air/alcohol systems with Δ𝑛 =
𝑛𝑃𝐸 − 𝑛𝑎𝑙𝑐𝑜ℎ𝑜𝑙 = 1.51 − 1.38 = 0.13 for the wet state, the films have a diffuse transmittance and 





porous PE, Δ𝜏𝑠𝑜𝑙 is 0.33. When oil (𝑛~1.47) is used instead of alcohols, a lower Δ𝑛 leads to a 
higher transparency and Δ𝜏𝑠𝑜𝑙 of 0.51 (Figure 4.3.A-B). With better refractive index matching, as 
observed in P(VdF-HFP)-air/alcohol systems, high Δ𝜏𝑠𝑜𝑙 and Δ𝜏𝑣𝑖𝑠 desirable for modulating solar 
transmittance can be achieved. 
 
Figure 4.2. The optical switching mechanisms of PPCs. (A) Scanning electron micrograph of porous 
P(VdF-HFP), showing its nano- and microscale pores, and (B) of nanoporous poly(ethene). (C) Scattering 
efficiencies of pores of different sizes in porous P(VdF-HFP) when dry and wet. Upon wetting, the 
scattering efficiencies drop by 101-103, causing a white to transparent transition. (D) Measured angular 
transmittance of wet and dry P(VdF-HFP) PPCs normalized to their respective peak angular values, and 
of wet and dry PE PPCs normalized to the peak wet angular transmittance. The transmittance for the wet 
P(VdF-HFP) PPC (Δ𝑛~0.02) appears to be ballistic, while that for wet PE-PPC (Δ𝑛~0.13) is diffuse. The 
angular transmittances of the dry states are diffuse and almost Lambertian, as expected from the large Δ𝑛 





alcohol. As shown, the LWIR extinction coefficients rise by 101-102 upon wetting, causing the PE PPCs to 
change from LWIR transparent to absorptive/emissive. (F) Simulated transmittance of a PE-air/alcohol 
system containing a 160 μm thick PE PPC (inset). The transmission across the MWIR, LWIR and FIR 
wavelengths changes drastically when the enclosure is filled with alcohol.  
A contrasting transition from transparent to opaque upon wetting is seen in the thermal 
wavelengths (2.5-20 μm) for IR-transparent PPCs such as porous poly(ethene). Because of its 
relatively few molecular vibrational modes, PE is highly transparent in the thermal wavelengths, 
particularly the LWIR atmospheric transmittance window. Consequently, nanoporous PE (Figure 
4.2.B), which has ~ 40% air by volume, acts as a highly IR-transparent effective medium (Figure 
4.1.F, 4.2.E-F). However, when wetted with an IR-absorptive/emissive fluids such alcohols, it 
becomes IR-absorptive/emissive (Figure 4.2.E-F). Specifically, the effective extinction 
coefficient rises by ~101-102 in the LWIR wavelengths. Consequently, PE-air/alcohol systems 
(Figure 4.2.F, inset) can almost completely absorb LWIR radiation, and show large Δ𝜏𝐿𝑊𝐼𝑅 =
𝜏𝐷𝑟𝑦 − 𝜏𝑊𝑒𝑡 ~ 0.64 − 0.003 = 0.64 (Figure 4.1.F and 4.3.C). According to Kirchhoff’s law, the 
change in LWIR absorptance (Δ𝜏𝐿𝑊𝐼𝑅) corresponds to a change in LWIR emittance (Δ𝜖𝐿𝑊𝐼𝑅). 
Similar transitions from transmissive to absorptive/emissive states also occur in the mid-
wavelength infrared (MWIR, 𝜆 ~ 3 − 5 𝜇𝑚) and far infrared (FIR, 𝜆 ~ 15 − 20 𝜇𝑚) bands, while 
𝜏𝑠𝑜𝑙 rises by 0.33 (Figure 4.1.F and 4.2.F), and 0.51 with oil (Figure 4.3.B). These results are 
notable because firstly, the large, broadband thermal Δ𝜏 for 𝜆 ~ 4 − 20 𝜇𝑚, and in particular the 
Δ𝜏𝐿𝑊𝐼𝑅~0.64, rank among the highest reported performances.
4,6-10 Secondly, the contrasting 
Δ𝜏𝑠𝑜𝑙~0.33 and Δ𝜏LWIR ~ − Δ𝜖𝐿𝑊𝐼𝑅~ − 0.64 represents an icehouse to greenhouse transition that 
is, to the author’s knowledge, the first reported instance in the literature, and different from the 







Figure 4.3. (A) The increasing transmittance with reduced refractive index contrast in PE PPCs. (B) 
Corresponding spectral transmittances. (C) The effect of thickness of PE PPCs on the diffuse 
transmittance of PE-air/alcohol system, comprising of the PPCs enclosed by 25 μm PE sheets. As shown, 
Δ𝜏𝐿𝑊𝐼𝑅~ 0.66 for a thickness of 100-150 μm, and Δ𝜏𝑠𝑜𝑙𝑎𝑟  peaks at 0.34 for a thickness of 200 μm. 
4.3 Device Performance of PPC-air/liquid Systems 
The switchable optical transmittance of PPCs can be readily harnessed by appropriate device 
designs. In this work, P(VdF-HFP) PPCs coated on inner surfaces of double-glazed plastic 
enclosures is used as a model system that is generalizable to other PPCs. As schematically 
shown in Figure 4.4.A, a 150 mm x 150 mm porous P(VdF-HFP) coating is pre-painted onto an 
inner surface of the enclosure by a simple phase-inversion technique,1 and can be wetted by 





conveniently mounted on surfaces or objects (e.g. windows, roofs, and walls of buildings) 
requiring optical or thermal modulation.  
To optimize and characterize the performance of the device in Figure 4.4.A, the effect of PPC 
thickness on Δ𝜏, and the switching speed and long-term stability were investigated. As shown in 
Figure 4.4.B, with increasing thickness of P(VdF-HFP) PPCs, 𝜏𝑠𝑜𝑙 of the dry state drops rapidly 
due to increased optical scattering, reaching ~0.2 at thicknesses ~100 μm, and then drops more 
gradually. For the wet state, where scattering is greatly reduced, 𝜏𝑠𝑜𝑙 starts to significantly drop 
only at thickness beyond 100 μm. Consequently, a peak Δ𝜏𝑠𝑜𝑙~0.74, which corresponds to a 
Δ𝜏𝑣𝑖𝑠~0.80, is observed for a thickness of ~ 100 μm. Similar trends are observed for PE PPCs 
as well (4.3.C). 
Porous P(VdF-HFP) also shows remarkably consistent performance over many wet-dry cycles. 
Even after 100 cycles, 𝜏𝑠𝑜𝑙,𝑑𝑟𝑦, 𝜏𝑠𝑜𝑙,𝑤𝑒𝑡 and Δ𝜏𝑠𝑜𝑙 only show small changes of 0.343 → 0.346, 
0.889 → 0.895 and 0.546 → 0.543 (Figure 4.4.C). The small differences observed could be due 
to spatial variations within the coating and experimental uncertainties associated with optical 
measurements. The results indicate that repeated wetting and drying has no significant impact 
on the performance of the coatings, and underscore the suitability of the coatings for prolonged 
operation. 
The porous P(VdF-HFP)-based device also shows fast switching speeds. As shown in Figure 
4.4.D, a 110 μm thick P(VdF-HFP) PPC can become fully wet and transparent in ~ 25 s and 
fully dry and white in as little as ~ 4 s. The total cycling time, conservatively estimated at < 1 
minute, is comparable with electrochromic systems, and indicates the suitability of the PPC-
based design for smart windows.6,11,13 For larger structures like rooftops or facades, switching 
times ~1 hour or ~ 1 day, which represent daily or seasonal solar timeframes, respectively, can 





achieved with mechanically or gravitationally driven flows, and the fluids involved can be 
collected and recycled with further engineering. 
 
Figure 4.4. A P(VdF-HFP)-air/alcohol system (A) Schematic shown during a dry to wet transition. (B) 
Effect of PPC thickness and (C) long-term cycling on solar transmittance of the devices. (D) Variation in 
direct transmittance, corresponding to Δ𝜏𝑠𝑜𝑙~0.74, of a device during wetting/drying with time, showing a 







4.4 Diverse Applications of PPCs 
The remarkable optical performance of PPCs in the solar and thermal wavelengths, and their 
fast switching speed and high cyclability in devices, make them promising for a range of 
applications. An important application is the control of daylight and heat in buildings, which 
accounts for more than 30% of the energy usage in buildings and is a major architectural 
challenge.14-18 P(VdF-HFP) PPCs, which attain a Δ𝜏𝑣𝑖𝑠 (~0.80), can greatly modulate daylight in 
buildings to reduce lighting and shading costs (Figure 4.5.A), and potentially be used in 
switchable displays as well. On the other hand, the large Δ𝜏𝑠𝑜𝑙 of P(VdF-HFP) PPCs is useful for 
thermoregulation. To demonstrate this, dry and wet P(VdF-HFP)-air/alcohol systems 
(Δ𝜏𝑠𝑜𝑙~0.55) were place as roofs on two miniature houses (Figure 4.5.B). To represent a 
practical scenario, wood-colored interiors for the houses, an urban environment with tall 
buildings nearby, and a translucent rather than a transparent wet roof were chosen. As shown in 
Figure 4.5.C, under a mid-day summertime 𝐼𝑠𝑜𝑙 of ~ 940 W m
-2, the houses became ~12˚C 
(white, dry) and ~30˚C (translucent, wet) warmer than the ambient air (at ~30˚C). With 
transparent PPCs having a high Δ𝜏𝑠𝑜𝑙~0.74, even larger temperature differences can be 
achieved, and with thick P(VdF-HFP) PPCs in open environments, sub-ambient cooling is 
possible.1 The dynamic thermoregulation capability makes PPC-based switchable devices 
attractive for use in buildings, vehicles and water-tanks in varying diurnal or seasonal 
environments. Furthermore, unlike electrochromic and thermochromic systems, the PPCs are 
color neutral (Figure 4.5.A), and reflective rather than absorptive when opaque. The first 
overcomes the longstanding problem of tinting in smart windows, while the second ensures that 
the solar-blocking ‘cool’ state does not itself become hot under sunlight. Similar optical switching 
can be achieved with hydrophilic PPCs as well. Ethyl-cellulose-air/water systems (Figure 4.5.D), 





that passively heat or cool buildings depending on the season in regions with dry summers and 
wet winters.19 
  
Figure 4.5. Potential uses of PPC-air/liquid systems. (A) P(VdF-HFP) PPCs are a color-neutral platform 
that can be used to control daylight in buildings. Coupling with colored, dark and light backgrounds can 
enable controlled cooling or heating. (B) Schematic of P(VdF-HFP)-air/alcohol systems as roofs on 
miniature houses. Inset shows a photograph of the setup. (C) Under sunlight, the wet and dry roofed 
houses achieve significantly different temperatures. (D) Hydrophilic PPCs such as porous ethyl cellulose 
exhibit optical switching with water, which may have additional uses as an adaptive paint responsive to 
rain or snow. (E) Dry icehouse and wet greenhouse states of the porous PE-air/alcohol system shown in 
the LWIR and (F) the visible wavelengths. Inset in (e) shows the warm light-emitting-diode without the 
switchable transmitter in front. 
While the P(VdF-HFP)-air/alcohol systems exhibit a remarkably large Δ𝜏𝑠𝑜𝑙 and Δ𝜏𝑣𝑖𝑠, the PE-
air/alcohol system can modulate both solar and thermal transmissions by switching between 





Δ𝜏𝐿𝑊𝐼𝑅~ − 0.64 can enable a solar modulation exceeding 350 W m
-2
, and a modulable heat 
emission through the LWIR atmospheric window exceeding 70 W m-2 (Chapter 4.6). 
Consequently, PE-air/alcohol systems can be used for both daytime and nighttime thermal 
management. Furthermore, by pairing with metal backings, switching from IR-reflective (i.e. 
non-emissive) to emissive states can be achieved. This can be used, for instance, in indoor 
walls of buildings for thermal management. By further pairing with selective LWIR emitters, a 
switchability between selective and LWIR broadband PDRC functionalities can also be achieved 
(Figure 1.10). 
The PE-air/alcohol system may also have applications in thermal camouflage.4,20 As shown in 
Figure 4.1.E and 4.5.E, because of its high LWIR transparency when dry, it transmits thermal 
signatures from underlying objects. However, when wet, the now-absorptive system cloaks 
underlying objects and shows its LWIR temperature instead. By appropriately choosing 
alcohols21 and heating or cooling them, the LWIR temperature of the system can be set 
between -110˚C (the freezing point of ethanol) and 110˚C (melting point of polyethene) to blend 
in with the environment, and across a wider temperature range than possible with most 
electrochromic designs.4,10,12 
4.5 Practicality and Advantages of PPCs for Switchable Applications 
The above results show porous polymer coatings as a class of materials that are optically 
functional, device-compatible, and suitable for a wide range of applications. In that regard, the 
availability and inexpensiveness of PPCs make them practical for use. PPCs are either 
commercially available or easily fabricable with a wide range of polymers at low costs. Besides 
the above examples, PPCs can be made using poly(vinylidene fluoride), poly(methyl-
methacrylate), cellulose-acetate and polystyrene,1 and can exhibit switchable 𝜏𝑠𝑜𝑙 with 





poly(ethene).3 Furthermore, PPC-based devices can be simply made from common plastics to 
yield good optical performance (Figure 4.1.B), which adds to their scalability. 
Table 4.1. Comparison of PPC-based switchable optical devices with other switching paradigms. Values 
































































Lastly, the PPC-based switchable optical devices are presented in context of notable optical 
switching paradigms. As shown in Table 4.1, the Δ𝜏𝑠𝑜𝑙/ Δ𝜏𝑣𝑖𝑠 up to 0.74/0.80 achievable with 
PPCs is better than or on par with those of notable electrochromic,4,6-8,10,23 thermodynamic,25,26 
thermochromic,11,27,29 electrodeposition-based24 and liquid crystal-based11,28,30 designs. Unlike 
electrochromic, thermochromic or electrodeposition-based systems, PPCs described here have 
no intrinsically solar absorptive states and are also color neutral, and unlike thermodynamic or 
thermochromic systems, which switch at set temperatures,11,25-27 they can be switched at will. 
Although slower than liquid crystal-based designs, PPCs exhibit a comparable switching speed 
to electrochromic and electrodeposition-based designs, and are faster than thermochromic and 





electrodeposition or liquid crystal-based designs. And because they can be easily created using 
simple materials and established techniques, they are promising for widespread manufacturing 
and use. With appropriate fluid pumping and collection systems, PPCs with switchable optical 
transmittance could be scaled to large installations, making them an affordable and eco-friendly 
paradigm for high performance optical and thermal management, and a promising alternative to 
more sophisticated switching paradigms. 
4.6 Materials and Methods 
Fabrication of porous polymer coatings and devices: P(VdF-HFP) PPCs were coated using a 
previously demonstrated phase inversion technique1 onto acrylic substrates, which were then 
assembled into devices. P(VdF-HFP) (Kynar Flex 2801) from Arkema was used. Ethyl-cellulose 
PPCs were similarly coated on black foils. PE PPCs were made by hot-pressing multiple layers 
of commercially available battery separators to get the desired thickness. The PE PPCs were 
then inserted into enclosures consisting of 25 μm PE films and plastic side-frames. 
Optical Characterizations: Spectral transmittance of the PPCs coatings was determined 
separately in the visible to near-infrared (0.40-1.05 μm) and near-infrared to mid-infrared (from 
1.06 up to 14 μm) wavelength ranges. For the first range, measurement was taken at specific 
wavelengths from a high-power supercontinuum laser (SuperK Extreme, NKT Photonics) 
coupled to a tunable filter (Fianium LLTF contrast) and an integrating sphere (Model IS200, 
Thorlabs). For the second range, a Fourier Transform Infrared (FT-IR) spectrometer (Vertex 
70v, Bruker) and a gold integrating sphere (Model 4P-GPS-020-SL, Labsphere), along with a 
mercury cadmium telluride detector were similarly used. Samples were placed at the entrance 
of the integrating spheres, with the beam shining onto the integrating spheres at normal 
incidence. Measurement of the unobstructed beam was used as a reference. The spectra were 
then used to calculate the integrated transmittances 𝜏𝑠𝑜𝑙, 𝜏𝑣𝑖𝑠, and 𝜏𝐿𝑊𝐼𝑅 by weighted integration 





Imaging and microscopy: Images of samples were taken using Nikon D3300 (visible) and FLIR 
T640 (LWIR) cameras. Scanning electron microscopy was done using a Zeiss Sigma VP 
scanning electron microscope.  
Scattering Cross-Section: Scattering cross-sections were simulated using FDTD Solutions 8.6.1 
software by Lumerical. 
Simulated Transmittances of the PE-Air/alcohol system: Predicted transmittance of the PE-
air/alcohol system were calculated using a multilayer model of the structure in Figure 4.2.F. 
Because of the varying thicknesses of PE PPCs and the enclosing PE films across their areas, 
optical interferences arising from multiple reflections averaged to zero. Furthermore, because 
reflectivity coefficients at the multilayer boundaries were low (< 0.04) multiple reflections effects 
were not significant. Therefore, the transmittance of the PE-air/alcohol system was simply 
calculated as the product of the transmittance at each interface of the multilayer and the optical 
attenuation in between. For the calculations, refractive indices of P(VdF-HFP) and alcohols 
were obtained from the literature,1,31 and that of PE was calculated from spectral transmittances 
of films with different thicknesses. For PE PPCs having 40% porosity, effective refractive indices 
were calculated using the Bruggeman model. 
The total (Hemispherical) modulable LWIR power transmission to the sky through PE-air/alcohol 
systems at ambient temperatures was calculated by assuming a system (Figure 4.2.F, inset), 
with 25 μm thick PE films and a 160 μm thick PE PPC, placed horizontally above a blackbody 
also at ambient temperature, and exposed to the sky. On a clear, summer day, the LWIR heat 
loss to the sky from a blackbody at typical ambient temperatures is ~ 140 W m-2.1 While most of 
it occurs towards the zenith rather than the horizon,32 it was first assumed that the net radiative 
heat loss that can occur from the blackbody to the sky is perfectly diffuse. Ignoring multiple 
reflections and optical interferences, the transmittance as a function of incidence angles from 0 





transmittance 𝜏𝐿𝑊𝐼𝑅~0.65 at normal incidence for the dry state, the angle averaged 
transmittance (since light incident from the blackbody is equally intense for all angles) for the dry 
state was found to be ~0.51 (excluding the transmittance along the horizon as no radiative heat 
loss can occur there). For a potential radiative heat loss of 140 W m-2, the loss through a dry 
PE-air/alcohol system is thus a significant 71 W m-2. As the wet state is completely opaque, this 
is also equal to the modulable power transmission. It should be noted that the 71 W m-2 value 
calculated here is a conservative estimate, as the calculation weighs all angles equally. In 
reality, a majority of the heat loss occurs at low angles,32 where the transmittance of the dry PE-
air/alcohol system is high, so the actual modulation would likely be greater.  
PPC-air/fluid system operation: The devices represented by Figure 4.4.A were wetted by flowing 
isopropanol into the enclosure through the pipes, and dried by blowing air or nitrogen. 
Thermoregulation experiment: Two miniature houses, with Styrofoam walls and floors and a 
cardboard ‘carpet’ on the floor were made, and had P(VdF-HFP)-air/alcohol systems, one wet 
and one dry, placed on them as roofs. Thermocouples tipped with white paper were placed to 
record the ‘indoor air temperature’, and the ambient temperature outside. The houses were then 
left in an urban setting under the sun, and had their temperatures measured. Solar intensity was 
measured using a pyranometer (Apogee, SP 510). 
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Appendix A. Additional Research and Collaborations 
A.1 Li4Ti5O12: A Visible-to-Infrared Broadband Electrochromic Material for Optical and 
Thermal Management 
Author’s Role: The author was the lead author of the publication describing the work, and 
conceived electrochromic device design and use of Li4Ti5O12 for thermal regulation. 
Abstract: Broadband electrochromism from visible to infrared wavelengths is attractive for 
applications like smart windows, thermal-camouflage, and temperature control. In this work, the 
broadband electrochromic properties of Li4Ti5O12 (LTO) and its suitability for infrared-
camouflage and thermoregulation are investigated. Upon Li+ intercalation, LTO changes from a 
wide band-gap semiconductor to a metal, causing LTO nanoparticles on metal to transition from 
a super-broadband optical reflector to a solar absorber and thermal emitter. Large tunabilities of 
0.74, 0.68 and 0.30 are observed for the solar reflectance, mid-wave infrared (MWIR) emittance 
and long-wave infrared (LWIR) emittance respectively, with a tunability of 0.43 observed for a 
wavelength of 10 μm. The values exceed, or are comparable to notable performances in the 
literature. A promising cycling stability is also observed. MWIR and LWIR thermography reveal 
that the emittance of LTO-based electrodes can be electrochemically tuned to conceal them 
amidst their environment. Moreover, under different sky conditions, LTO shows promising solar 
heating and sub-ambient radiative cooling capabilities depending on the degree of lithiation and 
device design. The demonstrated capabilities of LTO make LTO-based electrochromic devices 
promising for infrared-camouflage applications in the defense sector, and for thermoregulation 






Figure A.1. (A) Crystal structures of Li4Ti5O12 and Li7 Ti5O12. (B) Photograph (top) and a LWIR 
thermograph (bottom) showing the different ‘colors’ of a Li4+xTi5O12 nanoparticle layer in the two states. 
The orange and blue colors indicate high and low LWIR emittances (𝜖𝐿𝑊𝐼𝑅) respectively. (C) Visible-to-
infrared spectral reflectance 𝑅(𝜆) of Li4Ti5O12 and Li7Ti5O12 nanoparticles (mass loading 2 mg cm-2) 
deposited on Al foil and covered by barium fluoride (BaF2). Solar, MWIR and LWIR ATWs are highlighted. 
(D) Schematic electron band-diagrams of the L and DL states, showing how a change in the electron 
energy distribution leads to (E) a super-broadband emittance and reflectance respectively. (F) Schematic 
of an electrochemical cell containing an ‘outward-facing’ LTO-based electrode, which consists of LTO 






A.2 Nanostructured fibers as a versatile photonic platform: radiative cooling and 
waveguiding through transverse Anderson localization 
Authors role: The author assisted the lead author in investigating the suitability of polymers for 
making nanostructured fibers for radiative cooling and waveguiding. 
Abstract: Broadband high reflectance in nature is often the result of randomly, three-
dimensionally structured materials. This study explores unique optical properties associated 
with one-dimensional nanostructures discovered in silk cocoon fibers of the comet moth, 
Argema mittrei. The fibers are populated with a high density of air voids randomly distributed 
across the fiber cross-section but are invariant along the fiber. These filamentary air voids 
strongly scatter light in the solar spectrum. A single silk fiber measuring ~50 μm thick can reflect 
66% of incoming solar radiation, and this, together with the fibers’ high emissivity of 0.88 in the 
mid-infrared range, allows the cocoon to act as an efficient radiative-cooling device. Drawing 
inspiration from these natural radiative-cooling fibers, biomimetic nanostructured fibers based 
on both regenerated silk fibroin and polyvinylidene difluoride are fabricated through wet 
spinning. Optical characterization shows that these fibers exhibit exceptional optical properties 
for radiative-cooling applications: nanostructured regenerated silk fibers provide a solar 
reflectivity of 0.73 and a thermal emissivity of 0.90, and nanostructured polyvinylidene difluoride 
fibers provide a solar reflectivity of 0.93 and a thermal emissivity of 0.91. The filamentary air 
voids lead to highly directional scattering, giving the fibers a highly reflective sheen, but more 
interestingly, they enable guided optical modes to propagate along the fibers through transverse 
Anderson localization. This discovery opens up the possibility of using wild silk moth fibers as a 
biocompatible and bioresorbable material for optical signal and image transport. 
A.3 Systems and Methods for Passive Daytime Radiative Cooling and Heating 
Author’s role: The author investigated several different architectures involving polymers, 
dielectric particles, and metal mirrors for radiative cooling. The first involves the mixing of 





emittance throughout the LWIR and broadband thermal wavelengths. The second involves the 
addition of lossy dielectric nanoparticles to the first design. In one embodiment, the particles 
have a very close refractive index to the polymer matrix in the solar wavelengths, resulting in 
translucency, but a high emittance in the LWIR wavelengths. In another embodiment, the 
nanoparticles have a different refractive index from the polymer matrix in the solar wavelengths, 
resulting in optical scattering and a high solar reflectance. In this embodiment, the size of the 
nanoparticles is optimized to maximize solar scattering and reflectance while minimizing the 
number of nanoparticles. The last design is a broadband mirror, consisting of stacked layers of 
metals which are reflective in different wavelengths. By choosing metals (e.g. aluminum and 
silver) with suitable electromagnetic radiation penetration depths, and accordingly adjusting the 
thicknesses of metal layers and their arrangements, a multilayer film which is more reflective 
across a given wavelength range (e.g solar wavelengths in space) than the individual metals is 
obtained. 
 
Figure A.3. Schematic of a passive daytime radiative cooler consisting of a polymer layer (blue), 
potentially with embedded micro and nanostructures, on a metal mirror (light gray). The Figure was 





A.4 A Scalable Dealloying Technique to Create Thermally Stable Plasmonic Nickel 
Selective Solar Absorbers 
Author’s role: The author mentored the lead author of the project in the design and 
optimization of the SSA. 
Abstract: Single element-based selective solar absorber (SSA) is attractive as it does not suffer 
from mismatched thermal expansion and consequent performance degradation of composite 
selective solar absorbers. In this report, a simple and scalable dealloying method is 
demonstrated for fabricating SSAs with high durability. The porous Ni nickel SSAs prepared 
through this technique not only exhibit an suitable solar absorptance/thermal emittance 
(0.93/0.12 or 0.88/0.08) without the aid of antireflection coatings, but show an excellent thermal 
stability up to 200˚C in air over prolonged periods. Furthermore, the dealloying technique shows 
great tunable performance for the selective absorption of metal absorber, which can be widely 
used to fabricate the porous metallic structures for various working conditions. 
A.5 Painted Bilayers of Selectively Visible-absorptive Dyes on Porous Polymers with 
Desirable Balance Between Color and Radiative Cooling 
Author’s Role: The author realized the need for and conceived the bilayer structure, and 
mentored a student working on the project. 
Abstract: Achieving a desirable balance between color and radiative cooling has been a long-
standing objective of the paint industry. Unfortunately, typical morphologies of paint coatings, 
which contain colored pigments and dyes uniformly dispersed betweem solar scattering TiO2 
pigment, achieve color but not much cooling. This work aims to address this issue through the 
design of a bilayer structure consisting of a selectively visible absorptive dye layer on top of a 
solar scattering porous P(VdF-HFP) layer. The choice of the bilayer structure originates from 
several realizations. The first is that shorter, visible wavelengths do not penetrate as deep into 
optically scattering media like porous polymers or paints as longer, NIR-to-SWIR wavelengths 





selectively visible absorbing dyes have weak NIR-to-SWIR absorptances. Therefore, a bilayer 
structure with the non-scattering but visible light absorbing layer on top can provide a strong 
visible absorption as required, leading to color, while letting unabsorbed light pass unscattered 
straight (the minimum optical path), into the porous P(VdF-HFP) layer below, minimizing 
unwanted absorption by the dye. The porous P(VdF-HFP), which scatters light better than TiO2-
based pigments, efficiently backscatters any solar wavelengths entering it, which passes back 
unscattered through the dye layer into free space. Consequently, the design yields a high 
absorptance at the desired solar wavelengths, and high reflectance for all others. For instance, 
in the extreme case of a selectively visible absorptive black dye on P(VdF-HFP), a very 
𝑅𝑣𝑖𝑠~0.05 and a high 𝑅𝑁𝐼𝑅−𝑆𝑊𝐼𝑅~0.85 is easily achieved. Compared to typical black paints with 
both 𝑅𝑣𝑖𝑠 and 𝑅𝑁𝐼𝑅−𝑆𝑊𝐼𝑅~0.05, the bilayer reflects > 400 W.m
2 solar power under strong 
sunlight, and can stay significantly cooler. Likewise, other ‘cool colors’ can be achieved by the 
bilayer design. Furthermore, since only a small amount of dye is required at the top to provide 
color, the usage of dyes can be reduced, potentially making the design more cost-effective as 
well. 
 
Figure A.5. (A) Cross-section of a bilayer structure on an acrylic substrate. The arrows show the 
absorption of visible wavelengths by the layer of selectively visible absorptive dye, while the NIR-to-SWIR 





passes back straight through the dye layer into free space. The lack of scattering of NIR-to-SWIR 
radiation in the dye layer minimizes optical path lengths, reducing absorption by the dye and enhancing 
𝑅𝑁𝐼𝑅−𝑆𝑊𝐼𝑅. (B) Spectral reflectance 𝑅(𝜆) of bilayer structures containing an selectively visible-absorbing 
black dye on top of porous P(VdF-HFP) or commercial TiO2 paint as the reflective underlayer. Although 
the porous P(VdF-HFP) and the TiO2 layers have the same bulk volume after porosity is accounted for, 
𝑅𝑁𝐼𝑅−𝑆𝑊𝐼𝑅 is significantly higher for the former, primarily due to the presence of large air voids in the 
P(VdF-HFP) as opposed to small TiO2 pigments in the paint. The result is a black bilayer which can 
remain significantly cooler under sunlight than its TiO2-based counterpart, and even more than 
commercial variants. 
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Appendix C: List of Abbreviations and Symbols 
Abbreviations  Meaning 
ATW  Atmospheric Transparency Window 
BB Blackbody 
IR Infrared (𝜆> 0.7 to 40 𝜇𝑚 in this dissertation) 
LWIR Long wavelength infrared (𝜆~ 8 to 13 𝜇𝑚) 
MWIR  Mid wavelength infrared (𝜆~ 3 to 5 𝜇𝑚) 
NIR Near infrared (𝜆~ 0.7 to 1.1 𝜇𝑚) 
PDMS Poly(dimethyl siloxane) 
PDRC Passive daytime radiative cooling 
PE Poly(ethene) 
PMMA Poly(methyl methacrylate) 
PMP (TPX) Poly(methylpentene) 
PNF Plasmonic nanostructure-coated foil 
PP Poly(propene) 
PPC Porous polymer coatings 
P(VdF) Poly(vinylidene di fluoride) 
P(VdF-HFP) Poly(vinylidene di fluoride-co-hexafluoropropene) 
PVF Poly(vinyl fluoride) 
RC Radiative cooling 
SBA Super-broadband absorber 
SE Selective emitter 
Sol Solar wavelengths (𝜆~ 0.35 to 2.5 𝜇𝑚) 
SSA Selective solar absorber 
SSD Spectrally Selective Design 
SWIR Short wavelength infrared (𝜆~ 1.1 to 3 𝜇𝑚) 
UV Ultraviolet (𝜆~ 0.25 to 0.4 𝜇𝑚) 







Symbol Meaning and Value 
𝐴  Absorptance 
𝑐  Speed of light (299792458 m s-2) 
𝑓  Frequency, or volume filling fraction, depending on the context. 
ℎ  Planck’s constant (6.62607004 x 10-34 m2 kg s-1) 
𝑘𝐵  Boltzmann Constant (1.38064852 × 10
-23 m2 kg s-2 K-1) 
?⃑?   Wavevector 
𝑙𝑓  Photon mean free path 
𝑛  Electromagnetic refractive index 
𝑅  Reflectance 
𝑟   Displacement vector in a general direction 
𝑇  Temperature 
𝑧𝑒  Extrapolation length ratio 
  
𝜀  Electromagnetic permittivity 
𝜀0  
Electromagnetic permittivity of free space (8.85418782 × 10-12 m-
3 kg-1 s4 A2) 
𝜀𝑟  Relative permittivity 
𝜖  Hemispherical emittance 
𝜖(𝜃)  Angular emittance 
𝜅  Electromagnetic extinction coefficient 
𝜆  Wavelength in free space. 
𝜆′𝑛  Wavelength in a medium with refractive index 𝑛 
Ω  Solid angle 
𝜔  Angular Frequency 
𝜃  Polar angle 
𝜙  Azimuthal angle 
𝜎  Stefan-Boltzmann constant (5.6704 × 10-12 W m-2 K-4) 
𝜎𝑠𝑐𝑎𝑡𝑡  Scattering cross-section. 
𝜎𝑎𝑏𝑠  Absorption cross-section. 
𝜎𝑒𝑥𝑡  Extinction cross-section. 
𝜏  Transmittance 
𝜒  Electric susceptibility 
    
